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Section  1 

Executive  Summary 


The  inverse  pinch  (IP)  is  a  new  type  of  plasma  source  that  has  been  designed  specifically 
for  cylindrical  plasma  opening  switches.  While  inverse  pinch  geometry  has  been  used  in 
the  past  for  dense  plasma  focus  studies  [1]  and  low  inductance  closing  switches,  [2]  to  our 
knowledge  this  is  the  first  device  intended  as  a  plasma  source.  During  the  course  of  this 
program,  we  designed,  built,  and  tested  the  source  at  HY-Tech’s  laboratories  and  fielded 
it  on  the  Hawk  POS  at  the  Naval  Research  Laboratory.  The  tests  on  Hawk,  using  the  IP 
with  H2  gas ,  were  very  successful  and  have  stimulated  a  great  deal  of  interest  and  further 
exp  eriment  at  ion . 

When  compared  to  plasma  sources  most  often  used  for  POS  research,  namely  cable 
guns  and  dashboards,  the  IP  is  significantly  different  in  a  number  of  ways  and  represents  an 
entirely  different  approach.  The  most  obvious  difference  is  that  the  IP  is  a  monolithic  source, 
with  symmetry  that  matches  the  transmission  line,  and  it  must  be  mounted  inside  the  center 
conductor.  The  more  traditional  scheme  requires  numerous  sources  that  are  arranged  around 
the  outer  conductor.  The  IP  mounting  scheme  reverses  the  directed  velocity  of  the  plasma, 
and  shifts  the  dominant  impurity  source  from  the  inner  to  the  outer  conductor.  The  IP  is 
also  a  gas  source,  where  the  other  sources  are  surface  discharge  sources.  This  is  potential 
advantage  because  the  plasma  species  can  be  varied  by  changing  the  type  of  gas,  and  evidence 
from  past  experiments  suggested  that  lighter  ions  improved  switch  characteristics.  [3]  Another 
key  difference,  that  may  be  the  most  important,  is  due  to  the  nature  of  the  IP  plasma.  We 
are  referring  here  to  the  fact  that  the  plasma  ejected  from  the  IP  is  best  characterized  as 
an  expanding  ring  with  very  little  plasma  in  its  wake.  When  the  IP  was  mounted  in  a 
Hawk-like  POS  configuration,  we  observed  re-strike  plasmas  that  were  ejected  about  3.5  [is 
after  the  first  plasma  ring.  This  additional  plasma  was  inconsequential  on  Hawk,  as  the 
entire  conduction  and  opening  phase  of  the  POS  occurred  before  this  plasma  arrived,  and  if 
need  be  it  can  always  be  removed  via  a  crow-barred  circuit.  The  discrete  ring  nature  of  the 
plasma  allowed  us  control  the  initial  plasma  distribution  simply  by  varying  the  delay  time 
between  the  source  and  the  generator.  It  also  enabled  us,  by  going  to  long  delays,  to  fill  the 
POS  gap  uniformly  with  a  plasma  that  was  quasi-static  on  the  time  scales  of  the  experiment 


1 


(1  /zs).  This  is  not  possible  with  other  POS  sources.  As  it  turned  out,  it  was  this  uniform, 
quasi-static,  initial  plasma  that  produced  the  best  results  in  an  opening  switch. 

While  the  version  of  the  inverse  pinch  that  was  used  on  Hawk  showed  great  promise, 
it  needs  further  investigation  before  it  can  be  considered  a  replacement  for  cable  guns  or 
flashboards.  Due  to  the  rather  significant  engineering  effort  that  must  be  undertaken  to  use 
the  IP  with  a  diode  load,  a  short  circuit  load  was  used  for  the  initial  experiments  on  Hawk. 
A  short  circuit  load  develops  a  relatively  small  voltage  at  the  switch,  and  more  experiments 
are  needed  to  fully  investigate  this  source.  As  of  this  writing  experiments  are  starting  that 
will  use  the  IP  on  Hawk  with  an  electron  beam  diode  load. 

We  would  also  like  to  add  that,  the  in  its  present  configuration,  the  IP  is  hardly  optimized. 
There  are  many  improvements  that  can  be  made.  One  of  these  is  a  structure  to  prevent  build 
up  of  neutral  gas  in  the  inter-electrode  region  of  the  IP,  a  so-called  gas  dump.  A  successful 
re-design  of  the  electrode  opposite  the  puff  valve  nozzle  may  lengthen  the  usable  range  of 
puff  valve  delays  and  reduce  possible  gas  contamination  in  the  POS  gap.  It  may  also  result 
in  more  consistent  breakdowns  and  plasma  reproducibility  by  reducing  high  gas  pressures 
on  the  quartz  insulator.  A  re-design  of  the  puff  valve/nozzle  system  may  also  improve  the 
source.  This  system  was  essentially  designed  without  the  aid  of  computer  simulations  and 
neutral  gas  measurements.  In  fact,  the  neutral  gas  measurements  made  at  NRL  suggest 
that  the  gas  shell  spreads  radially  causing  significant  gas  densities  on  the  quartz  insulator, 
which  is  undesirable.  Finally,  a  gas  pre-ionization  would  probably  result  in  vastly  improved 
consistency  with  regards  to  plasma  production  from  shot  to  shot.  These  improvements, 
while  outside  the  scope  of  this  initial  program,  should  be  seriously  considered  if  the  IP  is 
successful  in  future  experiments. 
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Section  2 
Introduction 


This  report  describes  the  design  and  operation  of  the  inverse  pinch  (IP)  plasma  source 
and  POS  experiments  conducted  on  the  Hawk  generator  at  NRL.  This  source  was  devel¬ 
oped  under  DSWA  contract  #DNA001-95-C-0014  and  was  designed  to  replace  arrays  of 
dashboards  and  cables  guns  commonly  used  to  fill  POS  gaps.  The  inverse  pinch  produces  a 
radially  expanding  plasma  ring  that  can  be  used  to  fill  a  POS  gap  if  the  IP  is  place  inside  the 
center  conductor  of  the  pulsed  power  machine.  Such  a  configuration  is  depicted  in  Figure  1 
that  shows  the  IP  inside  the  Hawk  center  conductor.  This  report  will  describe  the  general 
operation  of  the  IP  with  emphasis  on  the  characteristics  of  the  plasma  that  are  most  impor¬ 
tant  to  POS  applications,  and  results  of  the  first  tests  of  the  source  on  the  Hawk  generator. 
Therefore,  we  will  report  measurements  on  the  plasma  properties,  and  pertinent  measure¬ 
ments  on  the  distribution  of  neutral  gas  prior  to  the  application  of  the  high-voltage  pulse. 
These  plasma  properties  will  include  the  mass  density,  axial  distribution,  radial  distribution, 
azimuthal  symmetry,  and  shot-to-shot  reproducibility  using  the  IP  configured  in  a  POS-like 
environment.  We  will  also  show  POS  characteristics  from  the  Hawk  experiments.  The  data 
summarized  in  this  report  was  compiled  over  approximately  a  two  and  one  half  year  period 
from  9/95  to  5/98. 
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Shorted  Load 


Figure  1.  The  configuration  of  the  inverse  pinch  inside  the  cylindrical  plasma  opening 
switch  on  Hawk.  The  plasma  is  ejected  radially  outward  through  a  semi¬ 
transparent  inner  conductor  (cathode).  The  capacitor  bank  and  spark  gap 
switch  were  located  outside  the  vacuum  system  and  the  load  cables  (12x  RG- 
58)  were  fed  through  the  vacuum  inside  the  cathode. 
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Section  3 

Overview  of  Inverse  Pinch  Operation 


The  version  of  the  IP  used  to  obtain  most  of  the  data  presented  in  this  report  is  shown 
in  Figure  2.  A  version  with  slightly  reduced  electrode  dimensions,  shown  in  Figure  1,  was 
installed  on  Hawk.  The  plasma  was  formed  between  two  concentric  brass  disks  supported 
by  a  3.0  cm  diameter  quartz  tube.  Over  the  course  of  the  program  the  diameter  of  the 
electrodes  varied  from  20  to  9.5  cm,  but  the  diameter  of  the  gas  exhaust  and  quartz  insulator 
was  unchanged  throughout.  A  high  voltage  pulse  was  applied  across  the  two  disks  via  the 
cable  feed  section  that  provided  a  connection  for  12  RG-58  type  cables.  The  cables  were 
connected  to  a  spark  gap  switch/capacitor  bank  assembly  that  consisted  of  a  single  7.4  fiF 
capacitor  and  spark  gap  switch.  The  bank  was  typically  charged  to  20  kV,  and  its  discharge 
was  initiated  by  a  trigger  pulse  from  a  PT-55. 


Figure  2.  The  version  inverse  pinch  device,  with  12.7  cm  diameter  electrodes,  that  was 
used  for  most  of  the  tests  at  HY-Tech.  The  plasma  is  formed  between  the 
two,  disc  shaped,  electrodes  and  expands  radially  outward.  The  SFe  chamber 
prevents  electrical  breakdowns  along  the  feed  cables  in  the  vacuum. 
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(a) 


(b) 


(c) 


Figure  3.  A  series  of  illustrations  outlining  the  basic  operation  of  the  IP.  In  (a),  an 
electrical  breakdown  is  initiated  along  the  quartz  insulator  by  discharging  a 
20  kV  capacitor  bank  after  the  release  of  a  gas  puff.  In  (b),  the  current  shell 
is  forced  radially  out  by  magnetic  pressure  as  it  ionizes  the  neutral  gas  in  its 
path.  In  (c),  the  plasma  ring  is  ejected  when  the  current  shell  reaches  the 
edge  of  th  electrode  plates. 
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Approximately  350-700  /is  before  the  high-voltage  spark  gap  switch  was  closed,  a  fast  acting 
puff  valve  discharged  a  volume  of  gas  between  the  two  disks.  This  delay  time  was  needed  to 
allow  enough  gas  to  enter  the  inter-electrode  region,  and  its  magnitude  depended  on  the  type 
of  gas  and  pressure  behind  the  valve.  A  nozzle  directed  the  annular  gas  puff  so  it  entered  the 
intra-disk  region  approximately  1  cm  from  the  surface  of  the  quartz  tube  via  a  series  of  18 
holes  in  the  electrode  plate.  This  hole  pattern  consisted  of  5/16”  diameter  holes  with  a  bolt 
circle  diameter  of  4.6  cm.  When  the  high  voltage  was  applied,  an  electrical  breakdown  in 
the  gas  occurred  on  the  quartz  tube  creating  a  plasma  in  the  form  of  a  conducting  cylinder. 
This  process  was  verified  by  optical  framing  photography.  Since  the  current  flowing  through 
the  cylinder  is  returned  along  a  brass  center  stem  inside  the  quartz  insulator,  the  plasma 
is  forced  radially  outward  by  magnetic  pressure.  This  situation  is  the  exact  inverse  of  a 
typical  gas  puff  z-pinch.  As  the  conducting  cylinder  expands,  it  ionized  the  gas  forming  an 
expanding  plasma  ring  as  depicted  in  Figure  3.  Typically,  this  process  took  1-2  / is  for  the 
plasma  to  be  ejected  from  the  IP  depending  on  the  type  of  gas.  Heavier  gases  tended  to  take 
longer  to  expand  due  to  a  larger  mass  that  the  puff  valve/nozzle  system  could  supply. 


Figure  4.  A  plot  of  the  current  vs.  time  recorded  during  an  IP  discharge.  When  using 
H2  gas,  plasma  is  typically  ejected  ~  1  /xs  after  the  start  of  current. 


The  total  current  flowing  through  the  IP  was  monitored  using  an  integrated  Rogowski 
coil  positioned  inside  the  cable  feed  section  as  shown  in  Figure  2.  Figure  4  shows  a  typical 
current  trace  that  we  obtained  during  a  20  kV  discharge.  The  current  peaks  at  approximately 
125  kA  in  1.7  /x s. 
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One  important  aspect  of  the  operation  of  the  IP  was  that  the  plasma  was  emitted  as  a 
discrete  ring.  This  proved  to  be  a  very  important  property  because  in  a  POS  configuration, 
the  delay  time  between  the  initiation  of  the  plasma  source  and  the  generator  could  be  used  to 
control  the  initial  distribution  of  plasma,  independent  of  the  quantity  of  plasma.  Depending 
on  the  geometrical  arrangement  of  the  source,  additional  breakdowns  and  plasma  formation 
during  the  second  half  cycle  have  been  observed,  particularly  in  the  Hawk  geometry.  How¬ 
ever,  with  no  confining  boundary  we  never  observed  “re-strike”  plasma.  The  characteristics 
of  the  expanding  plasma  ring  are  somewhat  dependent  on  the  type  of  gas.  In  general  the  ring 
is  2  cm  long  immediately  after  exit  and  expands  radially  at  a  rate  of  1-7  cmf/is.  These  results 
were  obtained  from  interferometric  measurements  that  will  be  described  in  later  sections. 

An  important  aspect  of  the  IP  in  POS  geometry  is  the  configuration  of  center  conductor 
windows  that  allow  the  plasma  to  enter  the  POS  gap.  These  need  to  be  designed  so  the  IP 
current  front  is  terminated  at  the  windows  and  does  not  bow  into  the  POS  gap.  We  found 
that  bowing  of  the  front  into  the  gap  lead  to  unacceptable  axial  acceleration  of  the  plasma. 
For  instance,  the  center  conductor  on  Hawk  was  designed  with  18  openings  supported  by 
3  mm  bars.  When  the  IP  current  front  reaches  the  windows,  the  current  continues  to  flow  in 
the  bars  while  the  plasma  passes  into  the  inter-electrode  region.  We  tested  a  similar  design 
with  8  windows  and  found  the  the  plasma  was  axially  accelerated.  In  that  case  the  larger 
spacing  between  the  windows  allowed  the  IP  current  to  bow  into  the  POS  gap  and  push  the 
plasma  axially. 
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Section  4 

Design  of  the  Inverse  Pinch 


This  section  will  describe  the  design  of  the  inverse  pinch  including  a  review  of  the  evolu¬ 
tion  of  the  source  up  to  the  final  design  that  was  installed  on  Hawk. 

4.1  The  Gas  Delivery  System. 

The  main  function  of  the  pulsed  gas  valve  and  nozzle  is  to  introduce  a  volume  of  gas 
between  the  disc  shaped  electrodes.  The  system  designed  for  the  IP,  shown  in  Figure  2,  was 
able  to  accomplish  this  task  while  meeting  these  other  constraints: 

1.  The  valve/nozzle  system  introduced  a  large  enough  mass  to  reach  plasma  densities  of 
interest. 

2.  The  valve  delays  could  be  adjusted,  and  the  rise  time  of  the  gas  was  fast  enough,  to 
maintain  vacuum  pressure  in  the  remainder  of  the  system  with  minimal  contamination. 

3.  The  valve/nozzle  system  operated  reliably  in  a  pulsed  power  environment. 

Many  valve  systems  have  been  designed  for  Z-pinch  applications  that  produce  annular  gas 
puffs  as  we  required  for  the  IP.  However,  the  requirements  for  these  systems  are  much  more 
stringent  with  respect  to  the  spatial  distribution  of  gas,  and  they  typically  emit  quantities 
of  gas  far  in  excess  of  that  required  for  the  IP.  For  the  IP  we  only  need  a  few  hundred  mT 
of  gas  on  average  between  the  electrode  plates  to  produce  acceptable  quantities  of  plasma. 
We  designed  the  IP  valve/nozzle  system  around  the  commercially  available  General  Valve 
series  9  pulsed  gas  valve  shown  in  Figure  5. [4]  Physically  the  valve  is  small,  it  is  slightly  less 
than  5  cm  long  and  mounts  to  a  flange  with  a  2.5  cm  diameter  bolt  circle.  The  valve  has 
an  effective  plenum  volume  of  0.35  cm-3  and  an  orifice  diameter  of  0.8  mm.  The  valve  shell 
is  threaded  and  is  easily  unscrewed  from  the  valve  body.  A  series  of  shims  can  be  used  to 
adjust  the  position  of  the  shell  with  respect  to  the  body,  and  this  allows  one  to  calibrate 
the  gas  output  of  the  valve.  It  allowed  us  to  optimize  the  valve  operation  for  high  pressure 
operation.  According  to  the  manufacturer,  when  the  valve  is  supplied  with  a  300  volt,  160 
fis  duration  electrical  pulse,  the  orifice  was  fully  opened  in  160  fis.  During  this  time  the 
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Figure  5.  The  series  9  puff  valve  manufactured  by  General  Valve  Inc.,  NJ. 

poppet  moves  a  total  of  0.13  mm.  Various  poppet  materials  were  available,  we  found  that 
a  PEEK  poppet  worked  best  for  high  pressure  applications  since  it  deformed  less  than  the 
Teflon  poppet.  This  valve  is  also  inexpensive,  reliable  (lifetimes  in  excess  of  105  shots),  and 
the  usable  range  of  gas  pressures  is  50-1000  psig.  This  enabled  us  to  operate  the  Hawk 
POS  with  H2  and  Ar  gas  simply  by  adjusting  pressures  using  800  and  50  psig  for  the  two 
respectively.  For  the  driver  we  used  a  300  volt  pulse  from  a  3.3  fi F  capacitor  with  a  2  fl 
resistor  in  series  to  limit  the  current  in  the  180  mH  valve  coil. 

The  nozzle  was  designed  with  primary  emphasis  on  providing  a  duct  for  the  gas  to  the 
inter-electrode  region  of  the  IP.  This  was  accomplished  while  maintaining  a  gradient  in  the 
gas  density  so  a  Paschen  minimum  close  to  the  quartz  insulator  resulted.  Thus,  the  exit 
holes  for  the  gas  were  centered  1  cm  away  form  the  quartz  so  the  gas  density  decreased 
radially  inward  from  the  gas  exit  holes.  This  was  important  because  the  IP  was  designed 
without  gas  pre-ionization  and  must  therefore  rely  on  a  Paschen  breakdown.  If  the  gas 
pressure  on  the  quartz  insulator  becomes  too  large,  then  it  is  likely  that  electrical  discharge 
would  initiate  at  a  larger  radius  where  the  gas  density  is  decreasing.  This  would  result  in 
an  expanding  current  shell  with  most  of  the  neutral  gas  inside  the  shell,  and  no  chance  of 
it  being  incorporating  into  the  snow  plowed  plasma.  In  fact,  we  have  observed  that  as  the 
puff  valve  delay  is  lengthened,  and  the  amount  of  gas  in  the  inter-electrode  region  increased, 
the  plasma  production  reaches  a  point  where  it  begins  to  decrease.  This  was  most  likely  due 


to  high  gas  pressures  on  the  quartz  insulator  at  the  time  the  voltage  is  switched  on.  This 
phenomenon  places  a  practical  restriction  on  the  effective  range  of  puff  valve  delays  for  a 
given  gas.  However,  it  should  be  noted  that  the  requirement  of  minimal  gas  contamination 
in  the  POS  region  was  more  restrictive  in  the  Hawk  geometry.  Measurements  of  the  neutral 
gas  distribution  using  an  ultra-sensitive  interferometer  at  NRL,  show  that  the  gas  exiting 
the  nozzle  spreads  out  radially  very  quickly  over  the  5  cm  gap  between  the  electrode  plates. 
This  indicated  that  a  re-designed  nozzle,  one  that  would  collimate  the  gas  more  effectively 
to  reduce  build-up  on  the  quartz  insulator,  would  probably  improve  the  overall  operation  of 
the  IP. 


4.2  Electrode  and  Cable  Feed  Design. 

The  inverse  pinch  electrodes  were  constructed  from  brass  discs.  Brass  was  chosen  because 
it  is  a  good  electrical  conductor  and  is  more  resistant  to  ablation  and  thermal  desorption 
than  aluminum.  The  puff  valve/nozzle  system  was  mounted  to  one  of  these  discs  that  had 
series  of  holes  to  allow  the  gas  to  enter  the  device  (IP  anode),  while  the  other  had  a  hole 
cut  in  the  center  (IP  cathode).  The  quartz  insulator  and  brass  center  stem  were  fed  through 
this  hole.  Since  the  center  stem  was  electrically  connected  to  the  anode  plate,  the  electrical 
connections  were  made  from  one  side  of  the  device. 

The  cable  feed  section  is  shown  in  Figure  2.  In  this  section  the  center  conductors  of 
12  RG-58  type  cables  were  fed  through  the  end  flange  and  electrically  connected  to  the 
cathode  plate.  A  small  solid  brass  cylinder  was  soldered  to  the  end  of  each  center  conductor 
so  it  could  be  fastened  to  the  IP  anode  using  set  screws.  The  braids  for  these  cables  were 
connected  to  the  anode  plate  via  the  end  flange  and  center  stem.  For  this  connection  we 
soldered  a  slotted  brass  tube  to  each  braid  which  was  press  fit  into  holes  in  the  end  flange. 
This  allowed  us  to  easily  plug  and  un-plug  these  connections.  The  area  surrounding  the 
cathode  connections  was  enclosed  with  an  acrylic  tube  which  was  sealed  to  the  end  flange 
and  cathode  plate  with  o-rings.  Additional  o-rings  were  placed  around  the  polyethylene  on 
each  of  the  RG-58  cables  and  the  quartz  insulator  to  form  a  small,  sealed  chamber  that  was 
pressurized  with  40  psig  of  SF6.  We  found  that  the  SF6  chamber  allowed  us  to  operate  the 
IP  up  to  25  kV  without  breakdowns. 

4.3  Evolution  of  the  Inverse  Pinch. 

The  final  design  of  the  inverse  pinch  evolved  over  the  course  of  the  program.  Most  of  the 
data  contained  in  this  report  will  reflect  measurements  conducted  on  the  version  shown  in 
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Figure  6.  A  scaled  drawing  of  an  early  IP  design  that  used  20.3  cm  diameter  electrode 
plates.  The  cable  feed  section  is  also  longer  that  in  later  versions. 


Figure  2.  In  this  section  we  will  briefly  summarize  the  changes  made  during  course  of  the 
program  that  improved  the  source.  The  first  incarnation  of  the  IP  had  20.3  cm  diameter 
electrode  plates,  did  not  have  the  sealed  SF6  chamber,  and  the  nozzle  had  a  slightly  larger 
throat  dimension  than  later  versions.  We  quickly  discovered  that  electrical  breakdowns  were 
occurring  along  the  feed  cable  section  which  was  at  that  time  in  vacuum.  The  sealed  SI'g 
chamber  was  immediately  added  and  the  version  shown  in  Figure  6  resulted.  This  not  only 
eliminated  the  breakdown  problem,  but  for  later  versions  it  allowed  us  to  shorten  the  feed 
section  and  lower  the  inductance.  Subsequent  measurements  on  the  plasma  density  between 
the  electrode  plates  showed  that,  in  a  typical  operating  regime,  the  snowplow  front  continued 
to  accumulate  plasma  up  to  a  radius  of  about  4-5  cm.  As  a  result  we  decide  to  reduce  the 
diameter  of  the  electrode  plates  to  5”  (6.3  cm  radius).  This  change  essentially  had  no  impact 
on  the  operation,  but  made  the  device  smaller  and  more  practical.  During  the  same  time 
period,  simulations  of  the  gas  flow  by  Hylton  Murphy  at  Maxwell  Technologies  (using  2DRZ) 
on  the  nozzle  showed  an  unstable  behavior  that  was  removed  in  the  simulations  by  using  a 
narrower  throat.  We  therefore  reduced  that  nozzle  throat  size  from  0.050”  to  0.034  which 
resulted  in  a  noticeable  more  consistent  behavior. 
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Figure  7.  A  circuit  schematic  for  the  puff  valve  driver  board.  This  circuit  is  an  optically 
triggered  capacitive  discharge  that  supplies  a  300v,  1.8  A,  200  ps  pulse  to  the 
valve. 

All  of  the  modifications  noted  above  were  made  within  the  first  6-9  months  of  the  pro¬ 
gram.  The  IP  remained  essentially  unchanged  for  about  18  months  until  it  became  clear 
that  the  device  was  too  large  to  install  on  Hawk.  A  series  of  changes  were  then  made  to  meet 
the  requirements  of  the  Hawk  experiments.  None  of  these  modifications  had  a  noticeable 
impact  on  the  operation  of  the  source  from  a  plasma  production  standpoint,  they  were  made 
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to  accomidate  the  installation  on  Hawk.  The  first  change  that  was  made  was  the  reduction 
of  the  outer  diameter  of  the  IP  to  9.5  cm.  This  allowed  us  to  install  the  source  inside  a 
Hawk  cathode  with  a  12.7  cm  outer  diameter.  At  this  time  a  new  puff  valve  driver  was 
developed.  We  wanted  a  small,  optically  triggered,  battery  powered  discharge  circuit  that 
could  be  mounted  in  situ  if  the  need  arose.  As  a  result,  the  circuit  shown  in  Figure  7  was 
developed.  It  couples  a  light  signal  to  a  photo-diode  that  initiates  a  sequence  of  electrical 
pulses  ending  in  the  discharge  of  a  3.3  capacitor  through  the  valve  coil.  A  4  Q  resistor 
is  in  series  with  the  coil  to  limits  the  coil  current  to  safe  levels.  No  noticeable  change  in  the 
operation  of  the  IP  was  detected  below  600  psig  gas  pressures.  However,  for  higher  pres¬ 
sures,  capacitors  smaller  than  3.3  fj, F  did  not  open  the  valve  properly.  An  in  situ  mounting 
system  was  fabricated  for  the  driver  and  battery  power  supply.  Although  this  was  not  used 
on  Hawk,  it  was  successfully  tested  at  HY-Tech  and  remains  an  option  for  future  use. 
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Section  5 

Diagnostics  for  the  Inverse  Pinch 


This  section  will  describe  the  diagnostic  techniques  that  were  used  on  the  IP  plasma  to 
determine  various  parameters,  and  monitor  its  operation.  Most  of  the  important  results  were 
obtained  using  a  time  resolved,  He-Ne  heterodyne  interferometer  in  a  number  of  different 
configurations.  With  this  interferometer  time  dependent  electron  density  information  was 
obtained.  A  magnetic  pick-up  loop  array  and  high-speed  optical  framing  photography  was 
also  used  to  gain  information  on  the  motion  of  the  current  front.  Measurements  were  also 
conducted  at  the  Naval  Research  Laboratory,  using  their  ultra-sensitive  interferometer,  to 
measure  neutral  gas  distributions  emanating  from  the  puff  valve/nozzle  system  of  the  IP. 
Finally  we  will  also  summarize  the  results  of  spectroscopic  observation  conducted  on  the 
hydrogen  plasma  and  the  subsequent  modeling  by  Plasma  Analyses. 

5.1  Rogowski  Current  Monitor. 

A  Rogowski  coil  was  constructed  to  monitor  the  total  current  flowing  through  the  IP. 
For  most  of  the  experiments,  this  monitor  was  mounted  around  the  quartz  insulator  inside 
the  SF6  chamber  as  shown  in  Figure  2.  The  monitor  had  approximately  40  turns  and  its 
output  was  fed  into  a  1  ms  passive  integrator.  This  coil  was  calibrated  by  creating  a  simple 
discharge  forcing  current  to  flow  simultaneously  through  the  IP  Rogowski  and  a  factory 
calibrated  T&M  Inc.  current  transformer.  The  IP  mounted  Rogowski  had  a  sensitivity  of 
225  kA/V.  Prior  to  the  Hawk  experiments,  a  new  monitor  was  installed  inside  the  spark  gap 
switch.  This  change  was  made  to  avoid  having  a  signal  cable  inside  the  vacuum  chamber. 
The  new  monitor  was  constructed  in  a  similar  fashion  and  was  placed  around  one  of  the  12 
feed  cables  so  it  measured  directly  1/12  of  the  total  current. 

5.2  Visible  Light  Framing  Camera. 

Using  a  high-speed  optical  framing  camera,  the  distribution  of  emitted  light  was  recorded. 
Figure  8  shows  the  system  that  was  used.  A  Kentech  model  55  camera  with  a  single  imaging 
lens  and  neutral  density  filters  was  set  to  view  the  plasma  chordally  between  the  electrode 
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Figure  8.  A  schematic  showing  the  positions  of  the  framing  camera  and  inverse  pinch. 

The  framing  camera  viewed  the  plasma  chordally  and  was  varied  in  the  in¬ 
direction. 

plates.  The  image  was  reduced  by  a  factor  of  3  in  the  process  and  frame  times  of  10  ns  were 
used. 

5.3  Magnetic  Pick-Up  Loops. 

An  array  of  magnetic  pick-up  loops  was  used  to  investigate  the  motion  of  the  current  front 
in  the  IP.  The  probe  array  consisted  of  six  independent  loops  whose  centers  were  separated 
by  1  cm  and  were  encased  inside  a  4  mm  outer  diameter  quartz  tube.  As  configured  the 
loops  were  2  mm  wide  by  4  mm  long,  with  a  6  mm  space  between  each  loop.  The  raw  signals 
obtained  from  these  types  of  probes  produced  signals  proportional  to  the  time  rate  of  change 
of  the  magnetic  flux  through  the  loop  area,  i.e  d( B  •  A)/dt,  where  B  is  the  magnetic  field  and 
A  is  the  area  of  the  loop  normal.  To  obtain  a  signal  proportional  to  the  magnetic  field,  we 
passively  integrated  the  signal  from  each  loop  in  the  screen  room  and  fed  the  result  directly 
into  an  oscilloscope.  As  a  result,  the  signal  we  measured  was  proportional  to  the  strength  of 
the  magnetic  field.  Two  arrangements  of  the  loop  array  was  used,  and  these  are  both  shown 
in  Figure  9.  The  configuration  shown  in  part  (a)  was  used  to  determine  the  velocity  of  the 
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Figure  9.  Configurations  of  the  magnetic  pick-up  loop  array  that  were  used.  The  ori¬ 
entation  in  (a)  was  used  to  determine  the  expansion  velocity  of  the  current 
front,  and  (b)  was  used  to  investigate  the  axial  expansion  of  the  plasma  with 
the  IP  mounted  insided  a  “mocked-up  POS.” 
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current  front  between  the  IP  electrodes,  and  the  configuration  in  part  (b)  the  existence  of 
axially  expanding  current  fronts. 

5.4  Time  Resolved  Heterodyne  Interferometer.* 

A  time  resolved  heterodyne  interferometer  system,  using  a  He-Ne  laser,  was  frequently 
used  to  measure  the  plasma  electron  density.  [5]  With  this  type  of  interferometry  the  scene 
and  reference  arms  of  the  interferometer  were  frequency  shifted  by  40  MHz  using  an  acousto¬ 
optic  modulator,  or  Bragg  cell.  Upon  reconstruction,  the  interference  pattern  was  modulated 
at  40  MHz,  and  a  single  40  MHz  optical  detector  was  used  to  detect  the  light.  The  signal 
from  the  detector  was  mixed  appropriately  with  the  original  40  MHz  oscillator  to  produce 
two  output  signals  whose  ratio  was  equal  to  the  tangent  of  the  phase  difference  introduced 
by  the  plasma.  This  diagnostic  is  shown  schematically  in  Figure  10.  Using  that  system,  we 
were  able  to  achieve  a  phase  resolution  of  ±1.5°  by  eliminating  sources  of  noise. 

Slight  alterations  in  the  set-up  shown  in  Figure  10  were  used  to  meet  the  specific  needs 
of  a  particular  measurement.  For  instance,  in  cases  where  spatial  resolution  was  important, 
the  probe  (or  scene)  beam  was  focused  using  a  long  focal  length  lens  to  achieve  a  1  mm 
spatial  resolution.  Without  such  a  lens  the  spatial  resolution  was  approximately  3  mm.  In 
another  case,  a  two  channel  interferometer  was  required  to  measure  the  electron  density  at 
two  locations  simultaneously.  For  the  two  channel  interferometer,  the  laser  beam  was  split 
into  two  probe  beams  and  two  reference  beams  with  each  pair  functioning  as  an  independent 
interferometer.  Two  separate  detectors  and  mixing  networks  were  used  to  measure  the  phases 
from  each  channel.  A  schematic  of  the  two  channel  interferometer  is  shown  in  Figure  11. 

Figure  12  shows  the  three  most  important  configurations  of  the  basic  interferometer 
system  that  we  used.  In  part  (a),  the  chordal  line-of-sight  (LOS)  configuration  is  shown.  If 
we  let  the  axis  of  the  IP  define  the  z-axis  of  our  coordinate  system,  then  this  LOS  has  the  laser 
beam  propagating  parallel  to  the  x-axis  at  a  constant  y  position.  This  configuration  was  most 
often  used  to  measure  the  axial  profile  of  the  plasma  which  could  be  accomplished  by  varying 
the  z  position  of  the  laser  beam  on  successive  shots.  It  should  be  pointed  out,  that  with  this 
LOS,  the  average  plasma  density  is  not  measured  because  the  laser  samples  different  radial 
locations  during  its  path.  To  obtain  the  actual  density  from  measurements  with  this  LOS, 
an  Abel  inversion  must  be  performed.  [6]  However,  even  without  an  Abel  inversion,  relative 
measurements  are  possible.  In  part  (b),  the  axial  line-of-sight  interferometer  is  shown.  In 
this  case  the  beam  travels  parallel  to  the  z-axis.  This  LOS  was  used  to  measure  radial 
distributions  and  radial  expansion  velocities  of  the  IP  plasma.  Note  that  in  this  case  the 
laser  beam  sampled  the  plasma  at  a  constant  radial  location.  Therefore,  averaged  plasma 
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Figure  10.  A  schematic  of  the  phase  sensitive  He-Ne  interferometer  that  was  used  to 
perform  the  electron  density  measurements.  A  similar  configuration  employing 
2  optical  tables  was  also  used.  For  each  shot,  the  sine  and  cosine  signals  were 
recorded  on  an  oscilloscope  and  processed  after  the  shot  to  determine  the 
phase  as  a  function  of  time. 
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Figure  11.  A  schematic  of  the  two  channel  interferometer.  The  light  signals  from  each 
channel  were  fed  into  detectors  located  in  a  shielded  room  and  recorded  in 
exactly  the  same  manner  as  the  single  channel  interferometer  shown  in  the 
previous  figure. 
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Figure  12.  Various  interferometric  configurations  that  were  used.  Part  (a)  shows  the 
interferometer  viewing  the  plasma  chordally,  (b)  viewing  the  plasma  axially, 
and  (c)  shows  the  two  channel  interferometer  with  the  beams  separated  by 
angle  0. 
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Figure  13.  A  schematic  showing  the  apparatus  for  observing  optical  spectra  from  the  IP. 

The  probe  viewed  the  gap  between  the  inner  and  outer  boundaries  surrounding 
the  IP  along  an  axial  line  of  sight.  The  position  could  be  varied  radially  by 
moving  the  probe. 


densities  as  a  function  of  radius  were  obtained  directly  from  the  phase  signal.  In  part  (c) 
the  orientation  of  the  two  channel  interferometer  is  shown.  In  this  case  both  beams  were  set 
up  to  view  the  plasma  axially  with  each  beam  the  same  distance  from  the  2-axis.  For  these 
measurements  the  angle  between  the  beams  in  the  x-y  plane,  9 ,  could  be  varied. 

5.5  Two  Wavelength  Interferometry. 

We  used  the  ultra-sensitive,  two- wavelength  interferometer  at  the  Naval  Research  Lab¬ 
oratory  to  make  measurements  on  the  neutral  gas  distribution  produced  by  the  IP  puff 
valve/nozzle.  We  will  not  include  details  on  this  diagnostic  as  they  are  published, [7]  but  it 
should  be  noted  that  the  measurements  we  conducted  were  not  possible  with  apparatus  at 
HY-Tech.  Phase  shifts  due  to  neutral  gas  are  roughly  two  orders  of  magnitude  less  than 
an  equivalent  number  of  electrons  and  require  a  much  more  sensitive  device  given  the  gas 
densities  produced  by  the  IP.  The  interferometer  at  NRL  was  approximately  104  times  more 
sensitive  than  our  heterodyne  system.  When  conducting  these  measurements  we  used  a 
single  beam  directed  chordally  and  were  most  interested  in  the  gas  distribution  between  the 
electrode  plates  inside  the  IP. 
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5.6  Spectroscopic  Measurements. 

Visible  light  spectroscopy  was  performed  on  IP  plasmas  in  a  mock-up  POS  arrangement 
as  shown  in  Figure  13.  For  these  observations  we  used  an  optical  probe  consisting  of  a 
12.5  mm  diameter  fused  silica  lens  with  a  75  mm  focal  length  that  was  set  to  collect  light 
axially.  The  output  of  the  lens  was  fed  into  a  10  m,  100  fim  quartz  fiber  that  carried  the 
light  into  a  spectrometer  located  in  a  screened  room.  The  spectrometers  used  were  either 
a  3/4  m  SPEX  or  a  1/2  m  McPherson  with  an  OMA  detector  at  the  output  plane.  This 
probe  assembly  had  a  spatial  resolution  that  was  approximately  1  mm  and  its  position  could 
be  varied  radially.  Most  of  the  spectroscopic  measurements  were  gathered  using  a  hydrogen 
plasma  to  help  determine  the  electron  temperature  and  the  percentage  of  neutrals  that  may 
exist  in  the  initial  plasma  for  POS  shots. 
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Section  6 

Experimental  Measurements 


In  this  section  we  will  detail  the  results  of  experimental  measurements  performed  on 
the  IP  source.  We  include  results  of  the  neutral  gas  measurements,  measurements  on  the 
expanding  plasma  shell,  the  exhaust  plasma,  and  measurements  performed  in  a  POS-like 
environment.  By  a  POS-like  environment  we  mean  a  configuration  where  the  IP  is  placed 
inside  two  co-axial  cylinders  where  the  inner  cylinder  is  semi-transparent,  as  it  would  be  in 
a  real  POS.  Illustrations  of  this  arrangement  were  displayed  in  the  previous  section.  Most  of 
the  data  was  taken  using  H  and  Ar  plasmas  since  these  represent  extremes  in  the  available 
gases.  The  electrical  breakdown  properties  of  these  two  gases  are  also  favorable  leading 
to  relatively  consistent  IP  operation.  Because  of  the  mass  dependence  associated  with  the 
conduction  phase  of  a  POS,  we  were  interested  in  IP/H  shots  with  a  high  pressure  gas  puff 
and  relatively  large  electron  densities  (600-800  psig,  ne  >  5  x  1015cm~3).  The  interesting 
operating  regime  for  IP/Ar  shots  was  50-100  psig  and  ne  ~  1  x  1015cm~3). 

6.1  Neutral  Gas  Measurements. 

Measurements  of  the  neutral  gas  distribution  was  performed  on  the  IP  without  forming 
plasma.  The  purpose  of  these  measurements  was  to  investigate  the  dynamics  of  the  gas 
puff  on  the  time  scales  of  interest.  Typically,  during  operation  of  the  IP,  the  gas  valve  was 
discharged  350-700  /zs  before  the  application  of  high  voltage  and  current.  This  delay  range 
depended  on  the  type  of  gas,  with  the  longer  delays  applicable  to  the  heavier  gases  such  as 
Ar.  For  H2  gas,  delays  in  the  350-400  /xs  range  with  600-800  psig  puffs  were  of  particular 
interest  because  they  were  used  on  the  Hawk  experiments.  The  gas  distribution  under  these 
conditions  was  investigated  on  a  test  stand  at  NRL  using  the  ultra-sensitive  interferometer. 
The  IP  was  arranged  so  the  interferometer  beam  traversed  a  chordal  line-of-sight  through 
the  inter  electrode  region  of  the  IP,  and  the  time  evolution  of  the  phase  at  that  position 
was  recorded.  Defining  z  =  0  as  the  axial  position  of  the  IP  anode  (electrode  plate  with 
puff  valve /nozzle),  we  made  measurements  at  three  axial  positions  while  varying  the  probe 
laser  beam  radially.  Figure  14  shows  the  beam  locations  during  the  puffed  gas  experiments. 
A  number  of  observation  (3-5)  were  recorded  at  each  location,  averaged,  and  uncertainties 
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Figure  14.  An  illustration  showing  the  laser  beam  positions  used  to  measure  the  neutral 
gas  distribution  produced  by  the  IP  puff  valve/nozzle  system.  A  cross-section 
of  the  r  —  z  plane  is  shown. 


calculated.  For  the  H2  and  Ar  gases  values  for  the  index  of  refraction  tabulated  in  the  CRC 
Handbook  of  Chemistry  and  Physics  were  used  to  convert  the  phase  shift  to  line  integrated 
density.  Then  for  each  axial  position,  the  line  integrated  density  data  was  Abel  inverted  to 
obtain  the  radial  distribution  of  the  gas  density  as  a  function  of  time.  The  result  of  the  H2 
measurements  at  800  psig  are  shown  in  Figures  15  and  16.  Figure  15  shows  the  measured 
gas  densities  as  a  function  of  radius  for  times  of  interest  where  r  =  1.5  cm  is  the  surface 
of  the  quartz  insulator.  Parts  (a),(b),  and  (c)  of  this  figure  show  the  measurement  at  three 
different  axial  positions  of  0.2,  2.3,  and  4.4  cm  respectively  where  the  error  bars  reflect  the 
propagation  of  uncertainties  through  the  Abel  inversion.  These  plots  show  that  the  gas 
spreads  out  very  quickly  after  exiting  the  nozzle.  Figure  16  shows  the  same  data  in  Figure 
15  displayed  as  the  mass  per  unit  length  as  a  function  of  time  for  the  three  different  axial 
locations.  This  data  was  obtained  by  performing  a  radial  integral  as  a  function  of  time  at 
each  respective  z  location. 

6.2  Measurements  on  the  Expanding  Plasma  Shell. 

Numerous  measurements  were  performed  on  the  expanding  plasma  shell,  prior  to  ejection 
from  the  source,  to  investigate  the  dynamics  of  IP  operation  and  the  formation  of  plasma. 
Most  of  these  measurements  were  conducted  during  the  early  stages  of  the  program  using 
an  IP  with  the  largest  diameter  electrodes  (20.3  cm). 
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Figure  15.  The  H2  gas  density  as  a  function  of  radius  as  determined  from  an  Abel  in¬ 
version  is  plotted.  Each  plot  shows  the  density  at  various  times  with  (a) 
corresponding  to  z  —  0.2  cm,  (b)  to  z  —  2.3  cm,  and  (c)  to  z  =  4.4  cm.  The 
puff  valve  pressure  was  800  psig  and  t  =  0  is  defined  when  the  valve  is  pulsed. 


26 


300  350  400  450  500 

Time  (ns) 


Figure  16.  The  mass  per  unit  length  in  /ig/cm  of  H2  as  a  function  of  time  at  various  z 
positions  in  the  inter-electrode  region  of  the  IP.  The  puff  valve  pressure  was 
800  psig  and  t  =  0  is  defined  when  the  valve  is  pulsed.  These  values  were 
calculated  from  the  density  measurements  shown  in  Figure  15. 


6.2.1  Visible  Light  Framing  Photography. 

Figure  17  shows  a  sequence  of  visible  light  photos  obtained  from  a  framing  camera  that 
viewed  the  plasma  chordally  as  shown  in  Figure  8.  For  the  sequence  shown  in  the  figure 
the  IP  was  operated  with  H2  gas  and  the  shutter  speed  of  the  camera  was  set  to  10  ns. 
We  observed  that  early  in  the  discharge  light  was  emitted  from  the  quartz  insulator  and 
propagated  radially  outward  as  one  would  expect.  This  verifies  that  the  breakdown  was 
initiated  at,  or  very  close  to,  the  quartz  insulator.  Later  in  time  we  can  also  see  that  the 
luminous  front  is  bowed  indicating  a  drag  imparted  to  the  shell  by  the  electrode  surface. 

6.2.2  Magnetic  Pick-up  Loops. 

We  also  inserted  a  magnetic  pick-up  loop  array  as  shown  in  Figure  9(a)  to  determine  the 
speed  and  position  of  the  magnetic  front  propagating  radially  outward  between  the  electrode 
plates.  The  array  was  positioned  so  it  was  in  the  axial  center  between  the  IP  electrode  plates. 
Figure  18  shows  the  data  and  deduced  radial  position  and  velocity  from  those  measurements 
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Figure  17.  A  sequence  of  photos  that  shows  a  luminous  front  propagating  radially  out¬ 
ward.  The  times  are  referenced  to  the  start  of  current  flow  in  the  IP  and  show 
that  the  breakdown  starts  at  the  quartz  insulator.  The  radial  location  of  the 
quartz  tube  is  indicated. 
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at  two  different  puff  valve  delays.  Note  that  the  puff  valve  driver  was  different  than  the  one 
used  later  on  experiments  at  NRL  and  HY-Tech.  Part  (a)  is  the  raw  data  that  shows  the 
current  in  the  inverse  pinch  as  well  as  the  relative  relative  strength  of  the  magnetic  field  as 
determined  from  each  probe.  The  probe  locations  varied  from  a  radius  of  3  to  11  cm  for 
probes  bdl  —  bd9  respectively.  One  can  see  that  by  0.5  ys  into  the  discharge,  the  magnetic 
piston  has  passed  the  location  of  bd\  and  has  not  reached  the  location  of  bdl .  Defining  the 
half  maximum  of  each  probe  signal  as  the  location  of  the  current  front,  the  data  shown  in 
part  (b)  was  determined  which  shows  the  radial  position  of  the  piston  as  a  function  of  time 
keeping  in  mind  that  r  =  10  cm  is  the  edge  of  the  electrodes.  In  part  (c)  the  velocity  of  the 
magnetic  piston  is  shown  obtained  from  the  time  derivative  of  the  plot  in  part  (b). 

6.2.3  Chordal  Line-of-Sight  Interferometry. 

Chordal  line-of-sight  time  resolved  heterodyne  interferometry  was  also  performed  to  di¬ 
rectly  observe  the  radially  expanding  plasma  between  the  electrode  plates.  The  arrangement 
of  the  interferometer  and  the  inverse  pinch  for  this  set  of  measurements  was  shown  in  Figure 
12(a).  In  this  instance  the  probe  laser  beam  was  1  mm  in  diameter  and  directed  along  a 
chord  through  the  axial  center  of  the  IP  electrodes.  A  scale  perpendicular  to  the  beam 
direction  (y-axis)  was  used  to  indicate  the  position  of  the  beam.  We  were  able  to  view  the 
plasma  from  just  off  the  surface  of  the  quartz  insulator  (y=1.5  cm)  to  near  the  end  of  the 
IP  electrodes  at  y=10  cm.  Typical  interferometer  signals  from  4  IP/H2  and  IP/Ar  shots  are 
shown  in  Figure  19  where  t=0  defines  the  start  of  current  flow  in  the  IP.  In  general,  4-5  shots 
were  performed  at  each  beam  position  producing  an  average  and  standard  deviation  for  each 
y  location.  The  data  was  then  Abel  inverted  to  produce  the  electron  density  as  a  function 
of  radius.  Results  of  the  Abel  inversion  for  IP/H2,  IP/Ne,  and  IP/Ar  data  are  shown  in 
Figure  20  for  a  single  time  referenced  from  the  start  of  current  flow  in  the  IP.  In  both  cases 
we  observe  a  narrow  radial  region  were  the  plasma  density  is  non-zero,  and  essentially  zero 
density  (to  within  experimental  error)  for  other  radii.  By  analyzing  the  data  as  a  function  of 
time,  the  position  and  velocity  of  the  plasma  can  be  determined.  These  results  are  shown  in 
Figure  21  for  all  three  gases.  It  is  important  to  note  that  the  size  of  the  gas  puff  (200  psig) 
were  significantly  smaller  for  these  IP/H2  shots  compared  to  later  experiments  performed  on 
Hawk.  As  a  result  the  velocities  are  significantly  higher  in  this  case. 

6.3  Measurements  on  the  Exhaust  Plasma. 

A  series  of  measurements  was  performed  on  the  exhaust  plasma,  or  the  plasma  that  is 
ejected  by  the  IP.  We  were  primarily  interested  in  the  ejected  velocity  and  ejection  time  of 
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Figure  18.  Results  from  the  magnetic  pick-up  loop  analysis.  Part  (a)  shows  the  raw  data 
with  a  0.5  ms  pulf  valve  delay,  shown  are  signals  from  bdl-bd9  and  an  IP 
current  trace.  The  loop  signals  were  arbitrarily  scaled.  Part  (b)  shows  the 
radius  of  the  current  sheet  as  a  function  of  time,  and  (c)  shows  the  velocity 
of  the  current  sheet  as  a  function  of  radius  for  puff  valve  delays  of  0.5  ms  and 
1.0  ms. 
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Figure  19.  Examples  of  raw  interferometer  signals  showing  the  phase  shift  as  a  function 
of  time  for,  (a)  four  H2  shots  and  (b)  four  Ar  shots. 


the  plasma,  as  well  as  the  general  characteristics  of  the  plasma  ring.  The  results  were  then 
compared  to  a  simple  ID  snowplow  model  which  allowed  us  to  predict  the  ionization  state 
of  Ar.  In  this  section  we  will  show  data  that  used  the  IP  with  12.7  cm  diameter  electrode 
plates. 

6.3.1  Exhaust  Measurements  Using  Heterodyne  Interferometry. 

Using  the  interferometric  configuration  shown  in  Figure  12(b),  where  the  laser  beam  is 
directed  axially,  we  measured  some  basic  parameters  of  the  ejected  plasma  from  the  IP  for 
H2,  Ne,  CH4,  and  Ar  gases.  A  typical  interferometer  signal  using  this  line-of-sight  is  shown 
in  Figure  22.  The  shape  of  the  signal  indicates  that  the  plasma  is  accurately  described  as 
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Figure  20.  Abel  inverted  density  profiles  of  the  plasma  shell  as  determined  from  the 
chordal  interferometry  measurements.  Plotted  are  the  electron  densities  vs. 
radial  position  for  (a)  hydrogen  at  0.61  /xs  after  the  discharge  began,  (b)  Ne 
at  0.82  /xs  and  (c)  Ar  at  1.41  /xs. 
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Figure  21.  The  radial  position  of  the  plasma  shell  as  a  function  of  time  is  shown  in  part 
(a)  for  various  gases.  The  velocity  of  the  plasma  shell  as  a  function  of  radial 
position  is  plotted  in  (b).  Note  that  a  different  nozzle  design  was  used  for  the 
Ar  data. 


Figure  22.  The  plasma  density  as  a  function  of  time  for  the  case  where  the  IP  was  oper¬ 
ated  without  a  boundary.  In  this  case  H2  gas  was  used  with  an  axial  line-of- 
sight  interferometer  positioned  a  few  mm  from  the  edge  of  the  IP  electrode. 


a  plasma  ring  that  expands  radially.  Thus  we  observe  that  once  the  ring  has  passed  by  the 
laser  beam  the  phase  shift  becomes  very  small.  By  recording  data  from  4  shots  for  each  gas 
at  a  number  of  radial  positions,  we  can  determine  some  basic  parameters  for  the  exhaust 
plasma.  We  will  define  the  arrival  time  of  the  plasma  at  the  laser  beam  position  as,  <  t  >, 
by  performing  the  following  integral  on  the  recorded  phase, 


f  t<f>(t)dt 

f  ’ 


(1) 


where  is  the  measured  phase  shift  as  a  function  of  time.  Further  we  can  define  the 
ejection  time  of  the  plasma  as  the  value  of  <  t  >  when  the  laser  beam  was  positioned  just 
off  the  edge  of  the  electrode  plates  at  r=6.35  cm.  The  average  velocity  of  the  plasma  ring, 
<  v  >,  was  determined  by  calculating  <  t  >  for  a  number  of  beam  positions  (4)  and  fitting 
the  data  to  a  straight  line.  We  also  calculated  the  total  number  of  ejected  electrons,  Ne,  by 
using  <  v  >  and  integrating  the  recorded  phase  as  follows, 

Ne  =  (2vrlaser)  <  v  >  C  J  <j)(t)dt,  (2) 
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Figure  23.  An  illustration  of  a  ID  snowplow. 

where  riaseT  is  the  radial  position  of  the  laser  beam  and  C  =  9.72  x  1014cm-2deg-1,  converts 
the  phase  shift  in  degrees  to  the  line  integrated  electron  density.  Results  of  these  calculations 
for  the  various  gases  will  be  displayed  in  the  next  section. 

6.3.2  Snowplow  Model  for  the  IP. 

We  completed  a  calculation  that  modeled  the  operation  of  the  IP  up  to  the  ejection  of 
the  plasma.  This  was  done  using  a  simple  ID  snowplow  model  to  describe  the  motion  of 
the  current  front  between  the  IP  electrodes.  The  basic  assumption  of  this  model  is  that 
an  infinitely  thin  current  front  (or  shell)  is  accelerated  radially  outward  by  the  J  x  B  force 
as  it  sweeps  up  and  ionizes  all  the  neutral  gas  in  its  path.  At  the  start  of  current  flow 
in  the  IP,  a  finite  amount  of  neutral  gas  is  present  between  the  electrodes  as  a  result  of  a 
prior  puff  valve  discharge.  Therefore,  as  the  current  shell  moves  radially  out  and  sweeps 
the  gas,  its  mass  increases  in  accordance  with  the  initial  mass  density  of  neutral  gas.  The 
differential  equations  that  govern  the  motion  of  the  current  shell  were  numerically  integrated 
to  predict  the  ejection  time  and  velocity  of  the  plasma  using  the  total  mass  of  the  neutral 
gas  as  variable  parameter,  and  assuming  an  initial  distribution  for  this  gas.  The  calculated 
result  was  then  compared  to  measurements  of  the  ejection  time  and  velocity  to  determine  the 
plasma  mass.  With  knowledge  of  the  plasma  mass  from  the  simulation,  and  the  total  number 
of  electrons  from  the  experimental  measurements,  we  can  predict  the  average  ionization  level 
of  the  plasma.  Since  the  ionization  level  for  hydrogen  must  be  +1,  the  hydrogen  case  was 
used  to  test  the  accuracy  of  this  method. 

Figure  23  illustrates  the  snowplow  process.  The  current  shell  experiences  a  force  directed 
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Figure  24.  The  equivalent  electrical  circuit  for  the  inverse  pinch  where  the  pinch  is  mod¬ 
eled  as  a  variable  inductor. 


radially  outward  due  to  J  x  B.  The  motion  of  the  shell  is  therefore  described  by  the  following 
differential  equation, 


VoI2(t) 

—  (M(r)v)  =  — - r-r- , 

di  47t  r(t) 


(3) 


where  v(t)  is  the  radial  velocity  of  the  shell,  r(t )  is  the  radial  position  of  the  shell,  I(t)  is 
the  shell  current,  and  M(r)  is  the  mass/length  of  the  shell  which  is  given  by  the  following, 


M(r)  =  /  2irr'  p(r')dr'  (4) 

Jt0 

where  p(r )  is  the  mass  density  of  the  neutral  gas  and  r0  the  quartz  tube  radius.  The  current 
can  be  obtained  from  the  circuit  model  shown  in  Figure  24  where  C0  is  the  bank  capacitance, 
L0  the  fixed  inductance,  and  Lp{r)  the  variable  inductance  portion  of  the  inverse  pinch.  The 
inductance  of  the  IP  varies  with  the  position  of  the  current  shell  according  to  the  following 
equation, 


L,(r)  =  glA  (5) 

27T  rQ 

where  l  is  the  axial  distance  between  the  IP  electrodes.  The  differential  equation  for  the 
current  is, 


^[(i.  +  VOKW)  +  =  o.  (6) 

Equations  (6.3)  and  (6.6)  form  a  set  of  coupled,  nonlinear  differential  equations  that 
were  solved  numerically.  However,  we  needed  a  distribution  for  the  neutral  gas  to  solve 
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Figure  25.  The  neutral  gas  density  function  that  was  used  for  the  ID  snowplow  calcula¬ 
tion.  The  calculation  was  not  sensitive  to  the  details  of  this  distribution. 

these  equations.  Figure  25  shows  the  distribution  that  we  used.  It  has  a  constant  gas 
density  from  the  edge  of  the  quartz  tube  at  1.5  cm  up  to  the  outer  nozzle  radius  at  3.2  cm, 
and  then  an  exponential  decay.  We  will  also  use  the  following  parameters  for  the  calculation, 
r0=1.5  cm,  To=150  nH,  and  C0=1A  /iF.  The  calculation  will  be  stopped  when  r=6.35  cm, 
which  is  the  edge  of  the  IP  electrode  plates.  At  that  point,  the  time  (ie.  ejection  time) 
and  velocity  of  the  front  will  be  recorded.  Calculations  were  performed  while  varying  the 
total  mass/length  of  neutral  gas  and  the  results  are  shown  in  Figure  26.  The  mass  of  the 
neutral  gas  was  varied  by  using  a  simple  multiplicative  factor  for  the  gas  distribution  shown 
in  Figure  25.  Figure  26  shows  that  the  results  of  the  calculation  were  sensitive  to  the  total 
mass  of  the  neutral  gas.  By  trying  different  neutral  gas  distributions  with  the  same  total 
mass  we  found  that  the  calculation  was  insensitive  to  the  details  of  the  distribution. 

For  IP  discharges  with  H,  CH4,  Ne,  and  Ar  the  ejection  time,  velocity,  and  total  number  of 
electrons  exiting  the  device  were  measured  using  the  heterodyne  interferometer  as  previously 
described.  These  results  are  shown  in  Table  1.  For  the  hydrogen  case  we  can  also  calculate 
the  total  mass  from  the  total  number  of  electrons  assuming  that  the  plasma  is  fully  ionized. 
In  Figure  26  we  have  added  a  data  point  that  corresponds  to  the  data  measured  for  hydrogen. 
For  the  curve  in  Figure  26(a)  this  data  point  matches  extremely  well  with  the  calculated 
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Figure  26.  Results  of  the  ID  snowplow  calculation.  In  part  (a)  the  calculated  ejection 
time  vs.  the  total  mass  per  unit  length  of  the  neutral  gas  is  plotted.  In 
part  (b)  the  calculated  ejection  velocity  vs.  the  total  mass  per  unit  length  of 
neutral  gas  is  plotted.  In  each  plot  a  single  data  point  corresponding  the  the 
measurements  on  hydrogen  gas  is  also  shown. 


38 


Table  1.  Key  experimental  and  calculated  results  for  the  IP  with  various  gases.  Listed 
for  each  gas  are  the  experimentally  measured  plasma  ejection  time  (re),  ejec¬ 
tion  velocity  ( ve ),  average  number  of  ejected  electrons  (Ne),  and  the  predicted 
number  of  electrons  per  molecule  ( Nm )  obtained  from  the  ID  snowplow  cal¬ 
culation. 


Gas 

Experimental  Measurements 

Calculation 

re  (fjis)  ve  (cm/ /is)  Ne  (xlOl8y 

Nm 

h2 

1.2  6.2  6.3 

1.9 

ch4 

1.8  4.0  6.2 

3.8 

Ne 

2.1  3.9  4.5 

2.1 

Ar 

2.5  3.3  3.3 

1.9 

result  for  the  ejection  time  vs.  total  mass/length,  however,  it  is  a  rather  poor  match  for  the 
calculation  of  the  ejected  velocity  as  shown  in  part  (b).  This  may  be  due  to  the  fact  that 
the  ejection  time  is  directly  obtained  from  measurements  at  one  location,  while  the  velocity 
must  be  determined  from  measurements  at  a  number  of  radial  locations  and  will  involve 
more  error.  Using  the  data  for  all  the  gases,  we  determined  the  number  of  electrons  per 
injected  gas  molecule,  so  the  total  mass  matches  the  snowplow  calculation.  The  last  column 
in  Table  1  shows  this  result.  For  hydrogen,  the  snowplow  calculation  predicts  an  ionization 
level  very  close  to  +1  (ie.  two  electrons  per  molecule),  while  both  neon  and  argon  are  very 
close  to  +2.  The  methane  result  if  very  interesting  as  it  predicts  that  only  about  4  electrons 
are  expected  per  molecule.  This  implies  that  some  of  the  methane  is  not  completely  broken 
down,  i.e.  some  of  it  would  exist  as  molecular  ions  such  as  CH+,  CHj ,  etc.  This  very  simple 
ID  snowplow  model  has  given  us  a  reasonable  estimate  of  the  ejected  plasma  mass,  and 
ionization  state,  by  comparing  the  calculated  result  to  the  measured  ejection  time  of  the 
plasma.  The  calculation  is  insensitive  to  the  details  of  the  neutral  gas  distribution,  but  very 
sensitive  to  the  total  mass  of  the  gas  between  the  electrodes. 

6.4  Measurements  in  a  POS-like  Configuration. 

In  this  section  we  will  summarize  the  results  of  measurements  that  were  performed  on  the 
IP  using  interferometry  and  magnetic  pick-up  loops.  We  will  concentrate  on  those  results 
that  have  a  direct  bearing  on  the  effectiveness  of  the  IP  as  a  plasma  source  for  opening 
switches.  In  each  of  these  cases,  the  data  that  we  will  present  was  taken  with  the  IP  placed 
inside  a  “mocked-up”  POS  gap.  That  is  we  placed  the  IP  inside  two  concentric  cylinders.  The 


outer  cylinder  consisted  of  a  solid  section  of  aluminum  and  was  20  cm  in  diameter,  while  the 
inner  cylinder  was  semi-transparent  and  16  cm  in  diameter.  Certain  plasma  properties,  such 
as  the  axial  distribution,  depended  in  the  details  of  the  inner  boundary  windows.  The  gap 
between  the  two  cylinders  was  1.9  cm  while  the  distance  from  the  edge  of  the  IP  electrodes 
to  the  inner  cylinder  was  1.8  cm.  In  the  axial  direction  the  cylinders  were  10  cm  long,  which 
is  twice  as  large  as  the  5  cm  gap  between  the  IP  electrodes.  A  scaled  drawing  showing  the 
IP  inside  the  two  cylinders  is  shown  in  Figure  27.  When  we  mention  a  “gap”  in  this  report, 
we  are  referring  to  measurements  made  in  the  gap  between  the  inner  and  outer  cylinders.  A 
subsection  is  devoted  to  each  of  the  following  measurements: 

1.  The  plasma  axial  distribution. 

2.  The  plasma  radial  distribution. 

3.  The  azimuthal  symmetry  of  the  plasma. 

4.  Spectroscopy  on  the  H  plasma. 

5.  The  shot-to-shot  reproducibility  of  the  plasma  fill. 

6.  The  obtainable  mass  densities  in  a  POS  gap. 


6.4.1  The  Axial  Distribution  of  Plasma  in  a  POS  Gap. 

The  plasma  axial  distribution  in  a  POS  gap  is  important  since  one  wants  the  plasma 
confined  to  a  discrete  region  during  the  conduction  phase  of  the  opening  switch.  Given 
that  the  axial  distance  between  the  IP  electrodes  was  5  cm,  it  would  be  desirable  if  the 
plasma  was  restricted  to  a  similar  width  in  the  POS  gap  for  times  of  interest.  To  determine 
this  important  relationship  we  used  a  single  beam  interferometer  configured  in  a  chordal 
LOS  mode.  The  beam  was  focused  through  the  IP  plasma  to  obtain  spatial  resolutions  of 
1  mm,  and  positioned  so  it  passed  through  the  center  of  the  gap.  Two  small  slots  were 
cut  in  the  outer  cylinder  to  allow  the  beam  to  pass.  With  this  arrangement,  the  plasma 
could  be  probed  from  the  axial  center  of  the  pinch  (z=0)  outward  in  one  direction.  The 
boundary  configuration  was  then  inverted  axially  so  z  values  in  the  other  direction  could 
also  be  measured  for  the  case  of  a  screened  inner  boundary.  An  illustration  that  shows  the 
positioning  of  the  laser  beam  and  the  IP  is  shown  in  Figure  28.  Four  to  five  shots  were  taken 
at  each  axial  position  and  then  averaged.  By  moving  the  beam  to  various  axial  positions,  a 
relative  axial  profile  could  be  obtained.  Figure  29  shows  the  results  obtained  from  the  set 
up  in  Figure  28.  These  measurements  were  performed  with  hydrogen  discharges  where  the 
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Figure  27.  The  IP  mounted  inside  two  concentric  aluminum  cylinders.  The  outer  bound¬ 
ary  was  solid  while  the  inner  boundary  had  four  large  windows  separated  by 
1/4”  bars.  Each  cylinder  was  twice  as  long  as  the  IP  electrode  separation 
(10  cm)  and  the  inner  and  outer  gaps  were  1.8  and  1.9  cm,  respectively. 


Outer  Boundary 


Figure  28.  The  laser  beam  positions  that  were  used  to  measure  the  plasma  axial  distri¬ 
bution.  Thin  slots  were  cut  in  the  outer  boundary  to  allow  the  laser  to  probe 
the  plasma  chordally. 
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inner  boundary  had  4  large  windows  that  produced  a  95%  transparent  electrode.  This  data 
showed  that  the  plasma  expanded  axially  at  velocities  of  5-8  cm/^s,  which  was  comparable 
to  the  ejected  radial  velocity.  At  a  time  of  2.4  fis  after  the  start  of  current  in  the  IP,  the 
plasma  had  expanded  past  the  edge  of  the  outer  boundary. 
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Figure  29.  The  relative  axial  distribution  of  plasma  at  various  times  as  referenced  from 
the  start  of  current  in  the  IP.  This  data  was  obtained  by  transposing  the  phase 
measured  at  each  position  as  a  function  of  time  and  indicates  an  acceleration 
process  in  the  axial  direction.  Note  that  position  0  is  the  center  of  the  IP  and 
the  dotted  line  indicates  the  electrode  edge. 


The  data  shown  in  Figure  29  was  clearly  unacceptable.  Furthermore,  the  magnitude 
of  the  axial  velocities  suggested  that  this  was  not  simply  a  thermal  spreading  process,  but 
rather  an  acceleration  process.  To  further  investigate  this  we  inserted  the  magnetic  loop 
array  in  the  middle  of  the  gap  parallel  to  the  IP  axis  as  shown  in  Figure  9(b).  This  probe 
was  oriented  to  detect  an  azimuthal  magnetic  field  due  to  currents  flowing  in  the  radial 
direction.  This  field/current  geometry  would  give  rise  to  an  axial  force  on  the  plasma.  The 
integrated  signals  obtained  from  the  probe  array  are  shown  in  Figure  30.  Each  loop  was 
2  cm  apart  with  axial  positions  of  1,  3,  5,  7,  and  9  cm  for  loops  1-5  respectively.  Based  on 
the  results  shown  in  Figure  30,  three  important  observations  can  be  made.  The  first  is  that 
radial  currents  are  flowing  at  axial  positions  significantly  past  the  edge  of  the  IP  electrode 
plates  at  2=2.5  cm.  (Here  2=0  is  defined  in  the  center  between  the  electrode  plates.)  The 
second  is  that  the  shape  of  the  radial  current  flow  after  the  current  front  has  passed  the 
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Figure  30.  Results  from  the  B-dot  loop  array  arranged  axially.  Each  loop  was  arbitrarily 
scaled  by  the  same  factor. 


loop,  is  similar  to  the  total  current  flowing  through  the  IP.  The  third  is  the  the  velocity  of 
the  current  front  outside  the  electrode  plates,  ie.  that  determined  from  loops  3-5,  is  roughly 
the  same  as  the  plasma  expansion  velocity. 

These  observations  support  the  “spill-over”  model  shown  in  Figure  31,  that  describes 
the  interaction  of  the  current  front  and  the  outer  boundary.  For  early  times  during  the  IP 
discharge,  ie.  before  the  plasma  is  ejected,  the  current  flows  axially  between  the  IP  plates 
accelerating  the  plasma  radially  outward.  This  phase  is  shown  in  part  (a)  of  the  figure. 
When  the  current  front  reaches  the  radial  edge  of  the  IP  electrodes  it  is  free  to  expand  into 
the  gap  since  the  inner  boundary  is  essentially  open  (except  for  the  four  support  bars).  Part 
(b)  shows  the  situation  after  the  current  front  has  hit  the  solid  outer  boundary.  For  times 
after  this,  the  current  may  flow  from  the  IP  anode  through  the  plasma  to  the  outer  boundary 
and  then  back  through  the  other  edge  of  the  plasma  to  the  IP  cathode.  In  this  situation  the 
plasma  is  accelerated  axially  via  the  magnetic  field  in  the  POS  gap. 

To  remedy  this  situation  we  placed  a  conducting  screen  around  the  inner  boundary 
and  used  insulators  to  block  the  gap  between  the  inner  boundary  and  the  IP  as  shown 
in  Figure  32.  With  this  configuration,  the  IP  operates  normally  until  the  current  front 
reaches  the  screen.  At  that  point  the  plasma  can  pass  through  the  screen,  but  the  screen 
forms  a  conducting  path  that  terminates  the  motion  of  the  current  front.  Therefore,  the 
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Figure  31 .  A  model  to  explain  the  axial  acceleration  observed  with  the  interferometry  and 
B-dot  probes.  For  times  before  plasma  ejection,  part  (a),  the  IP  functions 
normally.  After  ejection,  part  (b),  the  current  front  can  be  distorted  such 
that  current  can  flow  from  one  IP  electrode  through  the  plasma  to  the  outer 
boundary  and  then  back  through  the  plasma  to  the  other  IP  electrode.  In  this 
situation  the  magnetic  field  will  exert  pressure  axially  expanding  the  plasma 
in  the  gap. 
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Figure  32.  The  IP  configured  with  a  screen  covering  the  windows  on  the  inner  boundary. 

Also  shown  are  insulating  spacers  that  support  the  inner  boundary  and  prevent 
plasma  from  expanding  in  the  gap  between  the  IP  electrodes  and  the  inner 
boundary. 

current  front  never  reaches  the  POS  gap.  The  insulators  that  block  the  gap  between  the 
inner  boundary  and  the  IP  further  prevent  the  current  front  from  expanding  axially  in  that 
region.  We  tested  the  screened  configuration  with  the  axially  scanning  interferometer  beam, 
and  magnetic  loops.  The  magnetic  loops  showed  that  the  radial  current  flow  was  removed 
by  the  screen,  and  the  bulk  of  the  plasma  remained  confined  to  within  the  dimensions  IP 
electrode  plates  for  times  of  interest.  Only  a  very  small  percentage  of  the  plasma  expanded 
outside  2=2.5.  These  results  (shown  in  Figure  33)  imply  a  thermal  spreading  process. 

6.4.2  Plasma  Radial  Distribution. 

The  plasma  radial  distribution  was  measured  using  the  heterodyne  interferometer  in  the 
axial  LOS  configuration.  The  beam  was  focused  through  the  plasma  region  yielding  a  1  mm 
spatial  resolution.  A  number  of  shots  were  taken  at  various  radial  positions  between  the  IP 
and  outer  boundary.  Figure  34  shows  the  radial  dependence  of  the  electron  density  for  various 
times  after  the  start  of  current  for  H2  discharges.  Qualitatively  similar  results  are  obtained 
with  other  plasmas,  but  on  a  different  time  scale.  At  t = 1.6  fis  the  plasma  has  entered  the  gap 
and  by  3.0  /zs  it  has  reached  the  outer  boundary  where  one  observes  a  significant  buildup  on 
that  surface.  At  later  times  we  observed  that  the  plasma  bounced  off  the  outer  wall  with  a 
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Figure  33.  Results  from  our  axial  scan  measurements.  Parts  (a),(b),  and  (c)  show  results 
for  H2,  CH4,  and  Ar  gases  respectively  at  various  times  referenced  to  the  start 
of  current  in  the  IP.  The  dotted  vertical  lines  indicate  the  edges  of  the  IP 
electrodes. 
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significantly  reduced  velocity.  Note  that,  since  the  current  continues  to  flow  in  the  IP  across 
the  screen,  the  plasma  is  prevented  from  re-entering  the  IP  by  the  magnetic  field  inside  the 
IP.  As  a  result  we  have  found  that  a  relatively  uniform  radial  distribution  persisted  for  a 
few  microseconds.  Note  that  on  Hawk  the  outer  boundary  (anode)  was  smaller  than  the 
boundary  that  was  used  for  these  tests  (20  vs.  17  cm).  As  a  result  the  uniform  distribution 
was  reached  with  shorter  delays  on  Hawk. 

6.4.3  Plasma  Azimuthal  Symmetry. 

To  investigate  the  azimuthal  symmetry  of  the  plasma,  a  two  channel  interferometer  was 
set  up  using  an  axial  LOS.  With  this  configuration  each  channel  was  positioned  at  the  same 
radius  with  angular  separations  that  varied  from  5  to  51°.  A  series  of  shots  were  performed 
while  monitoring  both  interferometer  channels  and  varying  the  angular  separation  of  the  two 
probe  beams.  Complete  agreement  between  the  two  interferometer  beams  would  indicate 
perfect  symmetry.  We  observed  that  while  the  agreement  between  the  two  interferometer 
channels  was  sometimes  drastically  different  for  early  times,  in  most  cases  the  agreement 
improved  after  the  plasma  had  bounced  off  the  outer  conductor.  Figure  35  illustrates  this 
point.  This  plot  shows  the  axially  averaged  electron  density  as  a  function  of  time  for  two 
interferometer  beams  separated  by  30°.  Over  100  shots  were  taken  with  this  type  of  set 
up  and  the  data  was  analyzed  statistically.  We  concluded  that  the  azimuthal  variations 
were  ±10%  with  respect  to  the  average  for  times  after  the  plasma  has  bounced  off  the  outer 
boundary.  The  larger  variation  between  the  two  beams  observed  as  the  plasma  is  expanding 
radially  can  be  explained  if  the  plasma  ring  is  distorted  into  an  elliptical  (or  some  other) 
shape  during  the  expansion  phase.  After  the  bounce  off  the  outer  boundary  at  reduced 
velocities,  the  ring  is  no  longer  spatially  defined  and  the  symmetry  improves. 

6.4.4  Spectroscopic  Measurements  on  the  H  Plasma. 

Spectroscopic  observations  were  undertaken  to  help  determine  the  state  of  the  initial 
plasma  that  existed  during  IP/H2  shots  on  Hawk.  In  particular  we  were  interested  in  the 
plasma  electron  temperature,  the  existence  of  impurities,  and  the  percentage  of  neutral 
hydrogen,  if  any.  To  gather  the  data  we  used  the  apparatus  shown  in  Figure  13  with  quartz 
vacuum  windows,  the  McPherson  0.6  m  spectrometer,  and  the  OMA  detector.  We  used  a 
boundary  configuration  that  was  identical  to  that  on  Hawk.  With  this  optical  system  the 
spectral  range  accessible  was  between  2800-5050  A.  The  optical  probe  was  positioned  to 
view  the  plasma  along  an  axial  line  of  sight  at  the  radial  center  of  the  gap  between  inner 
and  outer  boundary  in  the  mocked-up  Hawk  geometry.  The  spatial  resolution  of  the  optical 
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Figure  34.  A  plot  of  the  plasma  electron  density  as  a  function  of  radial  position  for  various 
times  referenced  from  the  start  of  current  flow  in  the  IP.  The  data  was  taken 
between  the  inner  and  outer  boundaries  with  a  1  mm  laser  beam. 


Figure  35.  Results  from  two  channel  interferometry  where  the  beams  are  separated  by 
30°. 
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Table  2.  Summary  of  the  identified  impurity  lines  during  an  optical  survey  with  the 
“dirty”  IP  source  operated  with  H2  gas. 


Species 

#  Lines 

Center  Wavelengths(A) 

0  I 

2 

2972,3947 

0  II 

11 

3134,3390,3470,3711,3912,3973 

4190,4415,4417,4649,4962 

0  III 

4 

2984,3047,3265,3754 

C  II 

3 

2746,2837,4267 

A1 1 

4 

3082,3092,3944,3961 

A1 II 

2 

3587,3655 

system  was  2  mm.  These  experiments  were  performed  after  the  Hawk  experiments  at  NRL 
in  early  1998. 

Immediately  after  the  Hawk  experiments,  the  IP  was  visibly  dirty  with  discoloration,  as 
well  as  chunks  of  aluminum,  on  the  quartz  insulator  and  electrode  surfaces.  This  debris  had 
accumulated  during  the  course  of  about  50  POS  shots  with  the  generator.  We  wanted  to 
complete  a  survey  of  the  optical  emission  to  determine  if  the  debris  was  being  incorporated 
into  the  plasma.  We  used  a  3  /is  gate  that  encompassed  the  “bounced”  plasma  and  the  initial 
part  of  the  restrike  plasma.  This  was  a  qualitative  experiment  as  we  had  no  intentions, 
or  means  readily  available,  of  absolutely  calibrating  our  optical  system  to  determine  ion 
densities.  However,  a  complete  survey  in  the  optical  range  available  to  us  did  show  the 
presence  of  26  impurity  lines  that  could  be  identified.  Most  abundant  of  these  were  0  II 
lines  (11).  Table  2  above  lists  the  species  and  number  of  lines  that  were  identified  during 
this  survey.  After  the  survey  was  complete,  the  IP  was  cleaned  using  acetone  and  abrasives, 
and  the  survey  was  repeated.  With  the  cleaned  IP  none  of  the  impurity  lines  listed  in  the 
table  were  observed.  The  spectrum  was  essentially  impurity  free  with  only  the  H  I  series 
observable. 

Following  the  survey  we  continued  to  make  measurements  with  the  hope  of  determin¬ 
ing  the  plasma  electron  temperature  and  the  concentration  of  neutral  H  in  the  plasma. 
Knowledge  of  the  electron  temperature  would  also  allow  us  to  calculate  ionization  rates  of 
impurities  that  may  be  desorbed  from  electrode  surfaces.  The  motivation  behind  this  was  to 
determine  if  the  electron  inventory  accurately  measured  the  mass  of  the  material  in  the  POS 
gap  during  the  experiments  on  Hawk.  If  a  significant  amount  of  material  was  in  the  form 
of  neutral  atoms  or  molecules,  then  interferometry  could  not  be  relied  upon  to  measure  the 
injected  mass.  The  only  lines  available  to  us,  without  seeding,  were  due  to  the  H  I  spectrum. 
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In  particular  we  measured  the  Ha  (6563  A)  and  (4861  A)  line  profiles  using  the  same 
optical  system  with  the  McPherson  modified  so  we  could  observe  longer  wavelengths.  The 
OMA  detector  was  used  and  our  gate  times  were  set  to  coincide  with  the  initial  POS  plasma 
that  produced  the  most  interesting  results  on  Hawk  (~3.5  fis  after  the  start  of  IP  current). 
Specifically,  with  reference  from  the  start  of  current  flow  in  the  IP,  the  gates  began  around 
t  =  2.75  fis  and  lasted  for  1.0  to  1.5  fis.  We  also  operated  a  single  beam  interferometer  along 
the  same  line  of  sight  (axial)  and  positioned  the  interferometer  to  the  same  radial  position 
as  the  optical  probe,  but  at  a  different  azimuth.  We  investigated  three  radial  positions,  one 
near  the  inner  conductor  (r  =  6.7  cm),  one  near  the  outer  conductor  (r  =  8.3  cm),  and  one 
in  the  center  of  the  gap  at  r  =  7.5  cm.  A  number  of  shots  were  taken  with  the  spectrometer 
centered  on  HQ  and  H/j  for  each  radial  position.  On  each  shot  we  determined  the  full  width 
at  half  maximum  (fwhm)  for  each  line  via  fitting  of  the  data  to  a  Lorentz  function,  the 
strength  of  the  line  as  determined  by  the  area  of  under  the  line  (minus  the  continuum),  and 
the  average  value  of  the  electron  density  during  the  gate.  The  relative  calibration  for  Hq/H/j 
was  3.24,  that  is  to  get  the  proper  relative  ratio  of  Ha/H^  we  need  to  multiply  the  raw  data 
by  3.24.  These  results  were  sent  to  Dr.  Y.  Maron  of  Plasma  Analyses  for  interpretation  via 
a  time  dependent  collisional  radiative  modeling. 

There  were  a  number  of  interesting  results  from  Dr.  Maron’s  analysis,  but  at  this  stage 
we  must  point  out  a  significant  limitation  of  the  measurement.  We  observed  the  plasma  via 
an  axial  line  of  sight,  as  a  result  our  optical  probe  collected  light  from  the  plasma  edges  as 
well  as  the  center.  Further,  we  viewed  emission  from  H  I,  which  is  likely  to  be  more  abundant 
at  the  edges  where  we  would  expect  lower  electron  temperatures.  Therefore,  our  results  may 
emphasize  the  edge  plasma  relative  to  the  bulk. 

One  result  of  the  measurement  concerned  the  width  of  the  Ha  line;  which  we  observed 
to  be  significantly  wider  near  the  outer  wall  (r=8.3  cm)  compared  to  other  regions  in  the 
gap.  The  difference  in  widths  was  significant  (2.4  A  vs.  1.7  A)  and  can  only  be  explained 
if  opacity  had  broadened  H0  near  the  wall.  That  would  imply  a  higher  concentration  of 
neutral  H  in  that  region,  which  is  a  reasonable  result  from  an  intuitive  standpoint.  The 
most  reasonable  explanation  for  opacity  of  Ha  near  the  wall  is  that  the  excited  state  (n=2) 
is  populated  via  re-combination  with  slightly  higher  electron  densities  than  in  the  center  of 
the  gap.  The  calculations  showed  that  this  is  possible  with  only  a  modest  increase  in  the 
density  at  the  electron  temperature  of  0.7  eV.  Based  on  our  density  measurement  the 
emission  should  be  Stark  broadened  to  about  4.2  A.  We  did  not  observe  this,  in  fact  we 
observed  a  much  narrower  line  that  would  imply  an  electron  density  of  only  0.5  xlO15  cm-3. 
It  is  possible  that  this  discrepancy  is  due  to  the  limitation  discussed  above  where  our  light 
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collection  system  emphasized  the  edge  plasma. 

The  most  critical  analysis  revolved  around  the  determination  of  the  electron  temperature 
( Te )  and  the  number  density  of  neutral  hydrogen  (n#).  The  later  quantity  is  of  particular 
importance  because  if  njj  was  significant,  then  interferometry  cannot  be  relied  upon  to 
measure  the  plasma  mass.  To  get  the  electron  temperature,  time  dependent  collisional- 
radiative  modeling  was  performed  while  keeping  the  electron  density  (ne)  equal  to  the  proton 
density  (np)  at  3.0  x  1015  cm-3  and  varying  nH  and  Te  as  parameters.  Possible  solutions 
would  be  cases  where  the  model  predicted  that  ne  stayed  relatively  constant  for  1  [is,  and  the 
line  ratio  of  Ha/H/3  is  8.  Both  of  these  constraints  are  results  of  experimental  measurements. 
The  only  electron  temperature  that  produced  result  within  these  limitations  was  Te=  0.7  eV. 
The  modeling  showed  that  ne  decreased  by  only  4%  during  1  fis  and  the  Ha/H^  ratio  was 
within  the  experimental  error.  At  higher  temperatures,  such  as  1  eV,  the  density  stayed 
constant  but  the  Ha./H;g  ratio  was  only  5.  At  lower  temperatures,  such  as  0.5  eV,  the 
density  dropped  by  20%  over  the  1  fis  due  to  re-combination,  which  is  also  not  in  accordance 
with  our  observations.  The  analysis  also  predicted  the  absolute  populations  of  the  excited 
states  of  hydrogen  which  are:  U2  —  3.9  x  10n,  n3  =  3.9  x  1011,  and  n4  =  2.6  x  1011,  for  an 
electron  density  of  3  x  1015  cm-3. 

Given  these  relatively  low  electron  temperatures,  it  is  impossible  to  determine  the  density 
of  neutral  hydrogen  ( nH )  because  the  excited  states  of  H  are  determined  by  re-combination 
and  not  by  excitations  of  neutral  hydrogen.  The  quantity  of  neutral  hydrogen  will  depend 
on  the  time  history  prior  to  our  observations.  If  large  quantities  of  neutral  H  or  molecular 
hydrogen  (H2)were  injected  into  the  gap,  then  due  to  the  low  Te,  most  of  them  would  remain 
as  neutrals  on  a  1  /is  time  scale.  If  the  converse  were  true,  that  little  or  no  neutral  material 
was  injected  into  the  gap,  then  a  significant  density  of  neutral  material  would  not  be  produced 
as  evidenced  by  the  time  history  of  the  electron  density  that  stays  relatively  constant. 

Another  effect  of  the  low  Te  is  that  desorbed  impurities  may  not  be  sufficiently  excited  to 
observe  optical  emission.  Here  we  must  be  careful  to  distinguish  between  desorbed  material 
and  impurities  incorporated  into  the  IP  plasma.  By  the  former  we  refer  to  molecules  that 
are  knocked  off  material  surfaces  (such  as  the  outer  boundary)  by  the  plasma.  Clearly  we 
can  observe  the  latter  (IP  plasma  impurities)  as  evidenced  by  the  results  in  Table  2  obtained 
using  a  “dirty”  IP,  but  desorbed  matter  in  such  a  low  temperature  plasma  may  be  “dark’ 
and  remain  neutral  until  the  electrons  are  heated.  Such  heating  would  certainly  take  place 
when  the  generator  current  starts  in  a  POS. 
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Figure  36.  A  plot  showing  the  relationship  between  the  average  electron  density  in  the 
gap  and  the  pressure  behind  the  puff  valve.  Pressures  from  200  to  600  psig 
were  investigated.  Note  that  the  POS  gap  configuration,  as  well  as  the  puff 
valve  delay,  was  significantly  different  from  later  experiments  on  Hawk. 

6.4.5  Plasma  Reproducibility. 

An  important  consideration  is  the  consistency  with  which  the  IP  can  fill  a  POS  gap 
with  plasma,  or  the  variation  from  shot  to  shot.  To  investigate  this  issue  we  performed  a 
series  10  shot  runs  while  monitoring  the  electron  density  with  an  axial  LOS  interferometer. 
The  interferometer  beam  was  positioned  in  the  radial  center  of  the  gap.  A  series  of  10  shot 
runs  were  taken  using  H2  and  Ar  gases  under  various  conditions.  For  times  after  the  plasma 
distribution  has  become  uniform  (4-5  ns  for  H,  5-6  ns  f°r  Ar)  an  average  density  was  obtained 
for  the  10  shots.  Typically,  average  deviations  were  ±10%  for  both  gases.  As  an  example 
we  found  that  at  4.5  ns  the  electron  density  in  the  H  plasma  was  14.4  ±1.3  xlO15  cm-3  and 
at  5.0  ns  the  electron  density  in  the  Ar  plasma  was  8.1  ±0.9  xlO15  cm-3. 

6.4.6  Mass  Density  Control. 

The  IP  is  a  versatile  device  in  that  the  mass  density  can  be  controlled  at  two  levels.  The 
rough,  or  coarse,  control  is  the  type  of  gas  the  one  uses.  This  will  change  the  mass  density 
in  large  steps  by  changing  the  species  of  ions  in  the  plasma.  At  the  same  time  a  more  exact 
control  is  available.  By  varying  the  pressure  behind  the  puff  valve,  which  in  turn  varies  the 
size  of  the  gas  puff,  a  certain  amount  of  density  control  is  realized.  Figure  36  illustrates  this 
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Table  3.  The  estimated  average  mass  densities  obtainable  using  the  IP  and  various 
gases.  The  units  are  xlO17  mp/cm2. 


Pressure 

h2 

CH4 

Ne 

Ar 

200 

0.32 

2.7 

6.8 

400 

0.86 

3.5 

7.9 

9.8 

600 

1.1 

4.2 

control.  In  this  case  the  pressure  of  the  H2  gas  puff  was  varied  from  200  to  600  psig  while 
keeping  the  puff  valve  delay  constant,  and  a  corresponding  increase  in  the  electron  density 
was  observed.  Similar  relationships  have  been  observed  with  Ar  and  CH4  plasmas. 

A  wide  range  of  mass  densities  can  be  reached  using  the  IP  with  various  gases  and  puff 
valve  pressures.  We  have  experimented  with  H25  CH4,  Ne,  and  Ar.  All  these  gases,  with 
the  exception  of  Ne,  operate  reasonably  consistent  with  the  ability  to  reproduce  plasma 
densities  to  within  ±10%.  We  have  not  been  able  to  discover  a  regime  where  Ne  discharges 
become  as  consistent.  This  may  be  due  to  its  relatively  high  first  ionization  potential  at 
24  eV.  Based  on  the  data  that  we  have,  we  can  estimate  the  mass  densities  that  each  type 
of  gas  can  produce.  It  will  be  assumed  that  the  average  ionization  states  are  Ar+2  and 
Ne+2.  It  is  further  assumed  that  the  methane  molecules  are  completely  broken  down  so 
that  3.8  electrons  are  produced  for  each  CH4  in  accordance  with  Table  1.  Table  3  shows 
the  line  integrated  mass  densities,  in  units  of  xlO17  mp/ cm2,  that  can  be  achieved  based  on 
our  measurements  of  the  electron  densities  for  various  gases  and  puff  valve  pressures.  The 
results  indicate  that  a  variation  of  nearly  two  orders  of  magnitude  has  been  observed,  with 
a  potential  of  even  higher  mass  densities  using  heavier  gases  such  as  Xe  or  Kr. 
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Section  7 

Results  of  POS  Experiments  on  Hawk 


In  this  section  we  will  summarize  the  POS  experiments  using  the  IP  as  a  plasma  source. 
These  experiments  took  place  on  the  Hawk  generator  at  the  Naval  Research  Lab.  The  Hawk 
machine  [8]  (720  kA,  1.3  /xs  quarter  period)  has  been  used  in  the  past  for  numerous  POS 
experiments  with  various  plasma  sources  such  as  flashboards,[9]  cable  guns, [10]  and  coaxial 
gas  plasma  guns. [11]  Figure  1  shows  a  scaled  drawing  of  the  IP  source  mounted  inside  the 
generator. 

7.1  Hardware  and  Diagnostics. 

Certain  hardware  modifications  were  needed  for  the  source  and  generator  before  the 
experiments  could  begin.  The  outer  diameter  of  the  IP  was  reduced  from  12.7  to  9.5  cm 
and  we  manufactured  a  new  aluminum  center  conductor  (cathode)  for  Hawk  with  an  outer 
diameter  of  12.7  cm.  Taking  into  account  the  wall  thickness  of  the  center  conductor  (1  cm), 
there  was  a  6  mm  gap  between  the  outer  edge  of  the  IP  and  the  inner  edge  of  the  cathode. 
This  space  was  needed  to  electrically  isolate  the  IP  from  the  generator  and  feed  gas  lines 
across  the  IP  electrodes  inside  the  cathode.  A  series  of  18  equally  spaced  apertures  in 
the  center  conductor  allowed  the  plasma  to  enter  the  inter-electrode  region.  Each  of  these 
windows  was  5  cm  long  to  match  the  spacing  between  the  IP  electrodes.  The  bars  between 
each  aperture  were  0.32  cm  thick  rendering  the  cathode  86%  transparent.  For  the  outer 
conductor  (anode)  we  used  an  existing  electrode  with  a  17  cm  inner  diameter.  The  anode 
was  solid  in  the  POS  gap  region  to  provide  a  surface  for  the  plasma  to  bounce  off  of  and 
fill  the  gap.  The  load  was  a  short  circuit  located  33  cm  downstream  from  the  center  of  the 
switch.  Both  electrodes  were  designed  so  they  could  be  inverted  axially  which  allowed  us 
to  conduct  experiments  with  cable  guns,  where  the  plasma  sources  are  arranged  around  the 
outside,  using  the  same  electrode  geometry. 

Machine  diagnostics  included  generator  voltage  and  current  probes,  and  three  sets  of 
anode  current  probes  located  6,  22,  and  32  cm  downstream  from  the  center  of  the  switch.  The 
anode  current  probes,  shown  in  Figure  1,  are  shielded  magnetic  pick-up  loops.  A  Rogowski 
coil  located  near  the  capacitor  bank,  was  used  to  monitor  the  IP  current.  The  plasma 
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electron  density  was  measured  using  an  axial  line-of-sight,  8  channel,  He-Ne  heterodyne 
interferometer.  [5]  Each  beam  sampled  the  plasma  at  a  different  radial  position  over  the 
range  from  r  =  6.5  cm  to  r  =  8.5  cm  with  equally  spaced  intervals.  As  a  result  the 
temporal  evolution  of  the  radial  density  profile,  as  well  as  the  total  electron  inventory,  could 
be  measured  on  each  shot. 


7.2  POS  Shots  Using  the  IP. 

Experiments  were  performed  using  various  gases  (H2,  Ne,  At,  Air)  as  well  as  cable  guns 
for  comparison.  There  were  a  total  of  71  recorded  POS  shots  with  the  IP.  A  summary  of 
each  shot  indicating  the  puff  valve  pressure,  puff  valve  delay,  IP  delay  time,  conduction  time 
Tc,  conducted  current  Ic,  peak  switch  voltage  Vposi  and  initial  electron  density  are  shown 
in  Table  4.  The  IP  delay  time  is  the  time  interval  between  the  start  of  current  flow  in  the  IP 
and  the  start  of  the  generator  current,  the  conduction  time  was  defined  as  the  time  interval 
from  the  start  of  the  generator  current  to  the  time  when  the  load  current  reaches  10%  of 
its  peak  value.  In  the  table  we  try  to  indicate  the  initial  electron  density.  For  cases  where 
a  ~  symbol  appears  in  front  of  a  value  the  density  profile  was  relatively  uniform  as  shown 
in  Figure  34,  and  we  indicate  the  average  density.  In  cases  where  there  was  a  positive  or 
negative  density  gradient  the  >  and  <  symbols  denote  them  respectively,  and  the  density 
range  is  given.  In  many  cases  only  one  channel  of  interferometry  was  available  (most  of  the 
Ar  shots),  this  is  indicated  by  an  asterisk  (*)  and  we  give  the  electron  density  near  the  radial 
center  of  the  gap. 

It  is  clearly  evident  that  POS  shots  using  H2  gas  exhibited  significantly  higher  values  of 
load  dl/dt,  but  only  for  those  cases  where  the  IP  delay  time  was  ~  3.5  fis.  This  delay  time 
corresponds  to  the  conditions  where  the  radial  distribution  was  uniform  and  static  on  1  /xs 
time  scales.  When  compared  to  typical  cable  gun  shots,  the  IP/H2  POS  was  very  impressive. 
These  features  of  the  IP/H2  POS  are  best  illustrated  in  Figures  37  and  38.  Figure  37  shows 
typical  load  currents  for  a  cable  gun  shot,  an  IP/Ar  shot,  and  an  IP/H2  shot  with  a  long 
delay  time.  In  each  case  the  conduction  times  are  very  close,  and  we  see  that  the  IP/H2 
shot  transfers  current  to  the  load  much  faster  than  the  other  two  cases.  Figure  38  illustrates 
the  dependence  of  the  POS  voltage  on  the  plasma  initial  conditions.  This  plot  shows  the 
voltage  at  the  center  of  the  switch  as  a  function  of  the  conduction  time.  There  are  three 
types  of  data  points  corresponding  to  three  different  types  of  initial  radial  distributions  that 
were  shown  in  Figure  34.  A  curve  is  also  shown  that  reflect  the  data  obtained  using  cable 
guns.  In  this  plot  we  can  clearly  see  that  only  for  the  uniform  initial  plasma  distribution  do 
we  get  voltages  that  are  significantly  larger  than  any  other  type  of  shot. 
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Table  4.  A  log  of  all  the  IP  shots  on  Hawk. 

_ Inverse  Pinch/Hawk  Data  _ _ 

Shot  #  Gas  Pres.  Puff  Delay  IP  Delay  Tc  Ic  Vpos  ne  ( t  =  0) 

(psig)  {fi s)  (H  1  (ns)  1  (kA)  I  (kV)  1  (xlO15  cm-3) 
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Table  4.  A  log  of  all  the  IP  shots  on  Hawk  (Continued). 


Inverse  Pinch/Hawk  Data  (continued) 
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Figure  37.  Load  current  traces  that  were  obtained  during  the  POS  experiments  with  the 
IP  on  Hawk.  A  representative  generator  current  waveform  and  load  current 
waveform  using  the  cable  gun  source  is  also  shown. 


Figure  38.  The  peak  recorded  switch  voltage  vs.  the  conduction  time  for  IP  shots  on 
Hawk  using  H2  gas.  The  data  is  separated  according  to  the  initial  density 
gradient  in  the  plasma  fill.  A  curve  representing  to  the  cable  gun  data  (open 
circles)  is  also  shown. 
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Figure  39.  A  plot  of  the  average  electron  density  vs.  time  obtained  during  an  IP  shot 
on  Hawk  with  H2  gas.  In  this  case  we  can  see  that  at  the  start  of  conduction 
(t  =  0),  the  density  is  very  nearly  uniform. 

7.2.1  Density  Evolution:  Conduction  Phase  for  IP/H2  Shots. 

The  8  channel  interferometry  gave  us  the  ability  to  observe  the  density  evolution  in  the 
POS  gap  under  the  assumption  of  azimuthal  symmetry.  The  8  detectors  essentially  span  the 
entire  radial  gap  with  the  exception  of  approximately  1  mm  from  each  respective  surface.  The 
average  electron  density  was  obtained  from  the  interferometer  signals  by  using  the  nominal 
plasma  length  of  5  cm  with  a  resolution  limit  of  about  ±3°  or  ±5.8  x  1014  cm-3.  Figure 
39  shows  the  average  electron  density  as  recorded  on  all  eight  channels  for  shot  $2754  that 
used  H2  gas  with  a  3.6  fis  delay.  Channel  1  was  centered  at  the  smallest  radial  position  near 
the  cathode(r  =  6.625  cm),  channel  8  centered  near  the  anode  at  r  =  8.375  cm,  and  the 
center- to- center  spacing  for  each  channel  was  2.5  mm.  In  this  figure  we  have  defined  time 
t  —  0  at  the  start  of  the  generator  current.  There  are  a  number  of  interesting  features  in  this 
data  that  will  be  elaborated  on  in  this  section.  Before  the  generator  starts,  at  about  -2.6  fx s, 
we  observe  sharp  peaks  in  the  density  for  each  successive  channel  starting  with  channel  1 
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Figure  40.  The  average  electron  density  vs.  radius  obtained  during  an  IP  shot  on  Hawk 
with  H2  gas.  Part  (a)  shows  early  times  where  an  increase  in  the  electron 
density  at  all  radial  locations  is  observed.  Part  (b)  shows  the  data  later  in  the 
conduction  phase  and  during  opening  were  a  large  radial  region  shows  density 
levels  below  the  sensitivity  limit  of  the  interferometer. 
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and  moving  radially  outward.  This  signature  is  the  plasma  ring  expanding  radially.  When 
channel  8  (near  the  anode)  rises  off  the  scale  of  the  figure  (-1.6  //s),  it  indicates  the  time  when 
most  of  the  plasma  has  stagnated  against  the  anode.  Finally  near  t  =  0  the  distribution 
evens  out  and  becomes  uniform  as  we  have  discussed  in  a  previous  section.  Very  soon  after 
the  generator  current  begins  (~150  ns)  the  density  is  observed  to  increase  on  the  channels 
closest  to  the  cathode,  and  very  soon  after  a  density  increase  is  observed  on  the  channels 
nearer  the  anode.  The  increase  nearer  the  anode  is  larger  in  magnitude.  Figure  40(a)  shows 
the  average  electron  density  vs.  the  radial  position  at  selected  times  early  in  the  conduction 
phase  where  one  can  see  that  the  increase  was  first  observed  near  the  cathode  and  later 
at  the  anode,  increasing  in  magnitude.  We  must  keep  in  mind  that  a  pure,  fully  ionized 
hydrogen  plasma  cannot  generate  additional  electrons.  It  is  clear  from  Figure  40(a),  that 
the  electron  inventory  had  increased  forcing  us  to  conclude  that  ionization  of  contaminants 
or  neutral  hydrogen  had  occurred.  Another  way  to  look  at  the  data  is  to  calculate  the 
electron  inventory  as  a  function  of  time.  An  approximation  to  the  total  number  of  electrons 
in  the  POS  gap  ( Ne )  was  calculated  from  the  measured  phase  shift  at  various  radii  (<^(r)) 
via  the  following  equation: 


TA 

Ne  =  2wC  J  4>(r)rdr 
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i=8 

«  2irCAr  r ,</>,, 

t=i 
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where  C  is  a  constant  that  converts  phase  shift  to  line  integrated  density,  A r  is  the  spacing 
between  interferometer  channels,  r,  are  the  center  radii  of  each  channel,  and  <j>i  are  the 
measured  phase  shifts  at  each  channel.  This  sum  was  calculated  as  a  function  of  time  and 
the  results  are  shown  in  Figure  41  where  Ne  is  in  units  of  xlO17,  and  the  sensitivity  limit  is 
shown  as  a  horizontal  line.  Two  calculations  were  performed,  one  that  included  all  8  channels 
and  the  other  that  used  only  the  interior  six  channels.  The  later  calculation  emphasizes  the 
removal  of  plasma  during  opening.  This  plot  makes  it  quite  clear  that  there  is  a  substantial 
increase  in  the  total  number  of  electrons  (~40%)  during  the  conduction  phase. 


7.2.2  Density  Evolution:  Opening  Phase  for  IP/H2  Shots. 

During  the  opening  phase  we  observed  a  dramatic  decrease  in  the  plasma  density  such 
that  the  values  were  below  the  sensitivity  limit  over  a  span  encompassing  the  interior  4  to 
6  interferometer  channels  (1-1.5  cm).  Such  behavior  has  never  been  observed  on  Hawk  with 
other  sources. [12]  Figures  40(b)  and  41  both  display  this  feature  which  was  common  to  all 
IP/H2  shots  with  long  delays.  Not  only  are  the  large  “gaps”  unique,  but  the  density  remains 
low  throughout  the  entire  opening  phase  for  as  long  as  1  /zs  after  opening  begins.  The  later 
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Time  (ns) 


Figure  41.  The  total  number  of  electrons  measured  by  the  8-channel  interferometer  vs. 

time  during  an  IP  shot  on  Hawk  using  H2  gas.  The  dashed  line  shows  the 
number  of  electrons  calculated  from  the  interior  six  channels. 


feature  is  best  displayed  in  Figure  41  that  contains  a  curve  of  Ne  as  a  function  of  time  for 
the  interior  6  channels. 

7.2.3  Density  Evolution:  IP/Ar  Shots. 

Unfortunately,  only  one  channel  of  interferometry  was  available  for  most  of  the  IP/Ar 
series.  This  was  due  to  dirty  vacuum  windows  that  forced  us  to  reduce  to  number  of  channels 
so  the  signal  to  noise  ratio  of  the  laser  detector  could  be  increased.  There  was  one  shot 
(#2718)  where  all  8  channels  were  operating.  The  density  evolution  is  similar  to  the  IP/H2 
shots  with  one  notable  difference;  the  initial  distribution  is  not  very  uniform  in  comparison 
to  the  hydrogen  plasma  case.  However,  we  saw  a  similar  increase  in  the  electron  inventory 
followed  by  a  sharp  decrease  in  the  density  on  most  of  the  8  channels  near  opening.  It 
should  be  pointed  out  that  for  the  same  electron  densities  in  a  hydrogen  and  argon  plasma, 
the  mass  density  is  approximately  a  factor  of  20  greater  for  argon.  The  exact  number  depends 
on  the  ionization  state  of  argon,  but  the  point  is  that  for  any  reasonable  ionization  state  the 
interferometer  is  much  less  sensitive  to  the  mass  density  for  Ar  plasmas. 
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7.2.4  Scaling  of  POS  Current. 

The  relationship  between  the  conducted  POS  current  and  the  properties  of  the  injected 
plasma  has  been  the  subject  of  many  publications. [13,  14,  15,  16]  It  is  generally  agreed  that 
the  conducted  current  of  switches  where  the  IT  product  is  in  the  range  of  1  MA-//S  will  obey 
MHD  scaling.  The  MHD  scaling  theory  is  conceptually  simple  and  is  adequately  described 
by  a  snowplow  model  where  an  ideal  snowplow  pushes  the  switch  plasma  axially  via  J  x  B 
forces.  The  end  of  the  conduction  phase  is  defined  when  the  snowplow  reaches  the  end  of 
the  switch  length,  this  is  also  equivalent  to  the  plasma  center  of  mass  being  displaced  one 
half  the  switch  length.  According  to  MHD  scaling,  the  relationship  between  the  conducted 
current  and  the  plasma  properties  is  the  following: 


t=Tc 


/  /<«<“’ 


1007 xr2l2Mne 

Z 


(8) 


where  Ig(t)  is  the  generator  current,  r  the  cathode  radius,  /  the  axial  switch  length,  M  the 
ion  mass,  Z  the  average  ion  charge,  ne  the  electron  density,  and  Tc  the  conduction  time.  The 
conducted  current  Ic  is  simply  equal  to  Ig(Tc).  This  relationship  implies  that  the  conduction 
is  governed  by  the  plasma  mass  density  ( Mne/Z ).  For  the  case  of  hydrogen  we  have  M / Z  = 
1,  and  we  would  require  a  higher  electron  density  to  conduct  the  same  IT  product  than  a 
heavier  mass  plasma  such  as  Ar,  where  M /Z  might  be  ~20.  Our  experiments  with  the  inverse 
pinch  gave  us  the  opportunity  to  check  the  scaling  with  different  species  plasmas.  Figure 
42  is  a  plot  of  the  conducted  current  vs.  the  electron  density  that  includes  data  compiled 
from  IP/Ar  and  IP/H2  shots,  along  with  several  calculations  based  on  the  MHD  theory 
for  different  ratios  of  MjZ.  For  the  data  we  only  included  IP/H2  shots  with  a  long  delay 
time  when  the  density  was  approximately  uniform.  For  the  Ar  data  we  assume  uniformity 
(only  one  channel  of  interferometry  data  was  available)  and  pick  the  shots  with  a  long  delay 
time  (10-11  n s).  The  Ar  data  fits  reasonable  well  to  a  curve  with  M/Z= 20,  implying  an 
average  charge  state  for  Ar  of  +2,  which  agrees  with  the  ionization  state  determined  from 
our  snowplow  calculation  (see  Table  6-1).  However,  the  H2  data  is  not  even  close  to  the 
curve  that  would  correspond  to  a  pure  hydrogen  plasma,  namely  M/Z—l.  In  fact,  the 
IP/H2  data  fits  MHD  theory  if  we  assume  M/Z= 6.  One  way  to  explain  this  under  the 
guise  of  MHD  theory,  would  be  to  account  for  the  extra  mass  as  neutral  hydrogen  that  exists 
before  the  generator  current  starts.  The  neutral  mass  must  be  ionized  during  the  conduction 
phase  to  contribute  to  the  MHD  process.  Figure  42  implies  that  there  would  have  to  be  5 
times  more  electrons/protons  than  what  is  initially  detected  at  t  =  0,  and  we  should  see  an 
increase  in  the  electron  inventory  by  a  factor  of  5  during  the  conduction  phase.  The  fact 
that  we  see  only  a  40%  increase  in  the  electron  inventory  is  strong  evidence  that  neutral 
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Figure  42.  The  conducted  current  vs.  the  injected  electron  density  for  IP  shots  on  Hawk 
with  Ar  and  H2  gas.  Only  the  H2  data  with  uniform  initial  density  distribu¬ 
tions  are  displayed.  Also  shown  are  three  curves  that  were  calculated  from 
MHD  theory  for  various  M/Z  ratios  indicating  that  a  M/Z  =  6  fits  the  H2 
the  best. 

hydrogen  is  not  contributing  significantly  to  the  increased  mass.  A  more  likely  scenario 
is  that  the  plasma  desorbs  vacuum  system  impurities,  and  possibly  aluminum,  from  the 
electrode  surfaces.  These  impurity  atoms  may  exist  as  neutral  material  at  t  =  0,  and  would 
even  go  undetected  spectroscopically  due  to  the  low  electron  temperatures  ( Te  =  0.7  eV).[17] 
If  these  impurities  were  ionized  during  the  conduction  phase  with  an  average  M/Z= 12.5, 
then  then  MHD  theory  can  account  for  the  observed  IT  product.  It  seems  conceivable  that 
the  ionization  of  A1  and  common  vacuum  system  adsorbates  (CH4,H20,C0)  could  produce 
a  plasma  with  a  mass  to  charge  ratio  of  12.5. 

7.2.5  Comments  on  IP/Air  and  IP/Ne  Shots. 

A  number  of  POS  shots  were  tried  using  the  inverse  pinch  with  Air  (15)  and  Ne  (14). 
Using  the  IP  with  Air  had  not  been  tried  before,  and  there  was  an  uncertainty  surrounding 
the  expected  performance  of  the  IP  from  the  standpoint  of  a  plasma  source.  We  did  have 
some  prior  experience  using  Ne  and  we  knew  that  the  IP  did  not  perform  well.  Ne  discharges 
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were  plagued  by  inconsistent  breakdowns  for  all  combinations  of  puff  valve  delays  and  pres¬ 
sures  that  were  tried  in  the  past.  Despite  this,  we  were  motivated  by  the  desire  to  try  an 
intermediate  mass  plasma.  We  had  shown  that  methane  (CH4)  worked  very  nicely  using  the 
IP,  but  this  gas  was  unavailable  at  the  time.  Using  Ne  and  Air  we  were  never  able  to  reach 
the  level  of  operation  achieved  with  Ar.  An  examination  of  Table  4  shows  this  to  be  the 
case.  Because  of  the  POS  results,  and  the  uncertainty  surrounding  the  IP  performance  as  a 
plasma  source  using  these  gases,  most  of  this  data  remains  unanalyzed. 
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Section  8 
Conclusions 


In  summary,  we  have  successfully  designed  and  tested  a  plasma  source  with  inverse  pinch 
geometry.  The  source  derives  its  plasma  from  a  gas  puff  and  requires  a  20  kV,  ■ — -125  kA, 
1.5  f/,s  quarter  period  pulse  for  operation.  We  have  demonstrated  reasonably  consistent 
(±10%  for  most  parameters)  operation  using  H2,  CH4,  and  Ar  gas  with  the  IP  mounted 
in  a  POS-like  geometry.  We  have  verified  the  IP  operates  like  the  inverse  of  a  gas  puff  z- 
pinch  using  framing  photography,  magnetic  pick-up  loops,  and  interferometry.  Furthermore, 
we  have  characterized  the  fill  plasma  by  measuring  it  radial  and  axial  distributions  and 
determined  appropriate  semi-transparent  boundary  that  prevents  current  flow  in  the  POS 
gap.  Near  the  conclusion  of  the  program  we  fielded  the  source  on  the  Hawk  POS  at  NRL 
that  produced  very  interesting  data.  We  feel  that  some  discussion  of  these  experiments  is 
warranted. 

The  results  from  the  POS  experiments  on  Hawk  raise  a  number  of  interesting  questions 
with  regard  to  POS  physics  issues  and  show  a  great  deal  of  promise  for  improving  POS 
parameters  using  a  hydrogen  plasma.  The  fact  that  switch  voltages  were  significantly  higher 
using  hydrogen  plasma  makes  it  tempting  to  conclude  that  a  plasma  dominated  by  low 
mass  ions  will  improve  the  switch  characteristics.  While  this  may  be  true,  it  is  also  a  gross 
simplification  because  we  have  found  that  the  state  of  the  initial  plasma  may  play  an  equally 
important  role.  The  shorter  delay  times,  when  the  plasma  distribution  was  changing  on 
1  fj,s  time  scales,  produced  results  that  were  essentially  indistinguishable  from  cable  guns. 
It  was  only  at  the  longer  delays  that  we  saw  significant  improvement  using  hydrogen.  It 
should  be  emphasized  that,  because  the  IP  source  ejects  a  discrete  plasma  ring,  changes  in 
the  delay  time  redistribute  the  same  quantity  of  plasma  in  the  gap.  While  the  radial  density 
profiles  become  uniform  for  the  long  delays,  other  plasma  properties,  such  as  the  azimuthal 
symmetry  and  radial  velocity,  may  also  change  significantly.  It  is  therefore  unclear  which  of 
these  properties  is  responsible  for  the  improved  performance. 

The  scaling  of  the  conducted  current  with  the  injected  plasma  mass,  in  particular  the 
hydrogen  data  (see  Figure  42),  raises  the  issue  of  secondary  plasma  formation  during  the 
conduction  phase.  If  a  pure,  fully  ionized,  hydrogen  plasma  is  assumed  to  exist  prior  to  the 
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start  of  the  generator  current,  then  there  is  not  enough  mass  to  account  for  the  observed 
conduction  according  to  MHD  scaling.  However,  if  the  plasma  is  not  fully  ionized  then  the 
mass  may  be  significantly  higher.  The  fact  that  we  observed  an  increase  in  the  electron 
inventory  by  40%  during  the  conduction  phase  (Figure  41)  indicates  that  we  have  ionized 
either  neutral  H  or  H2  originating  from  the  gas  puff,  or  ionized  desorbed  material  from  the 
electrode  surfaces  (aluminum).  If  these  additional  electrons  produced  ions  with  M/Z= 12.5, 
then  the  data  would  agree  with  MHD  scaling.  It  is  conceivable  that  an  ionized  mixture 
of  common  vacuum  system  adsorbates  (H20,CH4,C0)  and  aluminum  can  account  for  this 
additional  mass.  The  overall  scenario  that  plasma  formed  from  adsorbates  had  contributed  to 
the  conduction  is  not  inconsistent  with  our  spectroscopic  measurements  on  the  H  fill  plasma 
that  showed  no  impurity  emission.  The  analysis  of  this  data  indicated  that  the  electron 
temperature  was  very  low  in  the  fill  plasma,  which  introduces  the  possibility  that  desorbed 
material  could  exist,  but  not  be  sufficiently  excited  to  produce  optical  emission.  Emission 
would  only  be  observed  when  the  electrons  are  heated,  say  by  the  generator  current. 

Perhaps  the  most  significant  result  with  regard  to  improvements  in  the  POS  is  the  ob¬ 
servation  of  large  areas  where  the  electron  density  falls  below  the  sensitivity  limit  of  the 
interferometer  as  shown  in  Figure  40(b).  This  type  of  behavior  has  not  been  observed  with 
other  plasma  sources.  [12]  If  this  region  evolves  into  a  magnetically  insulated  vacuum  gap, 
then  we  would  expect  higher  voltages /power  coupling  into  diode  loads  then  is  presently 
achieved  in  POSs. 
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